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Abstract. Land transport is an important emission source of
nitrogen oxides, carbon monoxide, and volatile organic com-
pounds. The emissions of nitrogen oxides affect air quality
directly. Further, all of these emissions serve as a precur-
sor for the formation of tropospheric ozone, thus leading
to an indirect influence on air quality. In addition, ozone is
radiatively active and its increase leads to a positive radia-
tive forcing. Due to the strong non-linearity of the ozone
chemistry, the contribution of emission sources to ozone can-
not be calculated or measured directly. Instead, atmospheric
chemistry models equipped with specific source attribution
methods (e.g. tagging methods) are required. In this study
we investigate the contribution of land transport emissions
to ozone and ozone precursors using the MECO(n) model
system (MESSy-fied ECHAM and COSMO models nested
n times). This model system couples a global and a regional
chemistry climate model and is equipped with a tagging di-
agnostic. We investigate the combined effect of long-range-
transported ozone and ozone which is produced by European
emissions by applying the tagging diagnostic simultaneously
and consistently on the global and regional scale. We per-
formed two simulations each covering 3 years with different
anthropogenic emission inventories for Europe. We applied
two regional refinements, i.e. one refinement covering Eu-
rope (50 km resolution) and one covering Germany (12 km
resolution). The diagnosed absolute contributions of land
transport emissions to reactive nitrogen (NOy) near ground
level are in the range of 5 to 10 nmolmol−1. This corresponds
to relative contributions of 50 % to 70 %. The largest ab-
solute contributions appear around Paris, southern England,
Moscow, the Po Valley, and western Germany. The absolute
contributions to carbon monoxide range from 30 nmolmol−1
to more than 75 nmolmol−1 near emission hot-spots such
as Paris or Moscow. The ozone which is attributed to land
transport emissions shows a strong seasonal cycle with ab-
solute contributions of 3 nmolmol−1 during winter and 5 to
10 nmolmol−1 during summer. This corresponds to relative
contributions of 8 % to 10 % during winter and up to 16 %
during summer. The largest values during summer are con-
fined to the Po Valley, while the contributions in western Eu-
rope range from 12 % to 14 %. Only during summer are the
ozone contributions slightly influenced by the anthropogenic
emission inventory, but these differences are smaller than the
range of the seasonal cycle of the contribution to land trans-
port emissions. This cycle is caused by a complex interplay
of seasonal cycles of other emissions (e.g. biogenic) and sea-
sonal variations of the ozone regimes. In addition, our results
suggest that during events with large ozone values the ozone
contributions of land transport and biogenic emissions in-
crease strongly. Here, the contribution of land transport emis-
sions peaks up to 28 %. Hence, our model results suggest that
land transport emissions are an important contributor during
periods with large ozone values.
1 Introduction
Mobility plays a key role in everyday life, which involves the
transport of goods and persons. Most of the transport pro-
cesses rely on vehicles with combustion engines, which emit
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not only CO2 but also many gaseous and particulate compo-
nents, such as nitrogen oxides (NOx), volatile organic com-
pounds (VOCs), carbon monoxide (CO), or black carbon.
The transport sector with the largest emissions is the land
transport sector (involving road traffic, inland navigation, and
trains). Even though the global emissions of many chem-
ical species from the land transport sector decreased (e.g.
Crippa et al., 2018), the emissions are still very large. For
Europe and North America, the emissions of NOx from road
traffic have recently been the subject of public debate (e.g.
Ehlers et al., 2016; Ntziachristos et al., 2016; Degraeuwe
et al., 2017; Peitzmeier et al., 2017; Tanaka et al., 2018).
NOx emissions influence the local air quality and lead to ex-
ceedances of the nitrogen dioxide (NO2) thresholds in many
cities. Furthermore, NOx plays an important role for the tro-
pospheric ozone chemistry and serves, together with CO and
VOCs, as a precursor for the formation of tropospheric ozone
(e.g. Crutzen, 1974). Ozone is a strong oxidant and affects
air quality (e.g. World Health Organization, 2003; Monks
et al., 2015). Large ozone levels impact vegetation and de-
crease crop yield rates (e.g. Fowler et al., 2009; Mauzerall
et al., 2001; Teixeira et al., 2011). Furthermore, ozone is ra-
diatively active and thus contributes to global warming (e.g.
Stevenson et al., 2006; Myhre et al., 2013).
To quantify the influence of a specific emission source,
such as land transport emissions, on ozone, source apportion-
ment methods are needed. Typically, two different methods
are used for source apportionment. The first method is the
perturbation method. In the perturbation method (also known
as sensitivity analysis, brute force, or zero out) the results
of two model simulations, one with all emissions and one
with changed emissions, are compared. The second method
is based on a labelling technique (known as tagging) to at-
tribute specific pollutants, such as for instance ozone, to spe-
cific emission sources. Hereafter, we refer to this method as
source attribution.
As outlined in different studies (Wang et al., 2009; Grewe
et al., 2010; Clappier et al., 2017), both methods answer
different questions because of their fundamentally different
concepts. The perturbation method quantifies the change in
ozone due to an emission change. In this method the sen-
sitivity of ozone to this emission change is analysed based
on a Taylor approximation (Grewe et al., 2010). In contrast,
source attribution gives no information about the sensitiv-
ity of ozone to an emission change. Instead, the share of
ozone which is caused by the emissions of a specific emis-
sion source for a given state of the atmosphere is quantified.
Therefore, we use hereafter the terms “impact” for the results
of the perturbation method and “contribution” for results of
source attribution.
The characteristics of impacts and contributions are listed
in Table 1. By design, source attribution methods decom-
pose the ozone budget completely into their respective con-
tributions. (This could be emission sectors, geographical re-
gions, combinations of this, or other measures.) Contribu-
tions calculated by source attribution are of interest for aca-
demic purpose to study the tropospheric ozone budget and
to increase scientific understanding about factors determin-
ing ozone levels (e.g. Horowitz and Jacob, 1999; Lelieveld
and Dentener, 2000; Meijer et al., 2000; Dunker et al., 2002;
Grewe, 2004; Sudo and Akimoto, 2007; Dahlmann et al.,
2011; Butler et al., 2018). Further, the knowledge about con-
tributions can help the planning of mitigation options by find-
ing the emission source which contributes most to ozone (e.g.
Kwok et al., 2015; Valverde et al., 2016; Pay et al., 2019).
Furthermore, the contributions are very valuable for assess-
ing possible changes in the tropospheric ozone budget due
to changes in emissions or climate. However, contributions
provide no information about the sensitivity of ozone with
respect to an emission change, such as the resulting ozone
change, when emissions of a specific emission source be-
come reduced or increased. The answers to such questions
require the perturbation method, which quantifies the impact
of an emissions change on ozone. In contrast to the contribu-
tions, the effect of an emission reduction (and therefore the
impact) can be measured. However, the results of the pertur-
bation approach provide no information about how the effect
of an emission reduction is altered by compensating effects
of other emission sources (e.g. an increase of ozone produc-
tivity of an unmitigated source). In order to assess such ef-
fects, perturbation and source attribution methods must be
combined (see Mertens et al., 2018).
For a chemical species that is controlled by linear pro-
cesses only, the perturbation method and the source attri-
bution method lead to identical results. However, the ozone
chemistry is strongly non-linear. Only for small perturbations
around the base state (w.r.t. the chemical regime) can the re-
sponse of ozone to a small emission change be considered
almost linear. Whether a response to an emission change is
nearly linear depends on the chemical regime and therefore
the region and the considered time period. Thus, the pertur-
bation approach does not allow for a complete ozone source
attribution (e.g. Wild et al., 2012), because the impacts cal-
culated for the different sectors do not sum up to 100 %.
This leads to an underestimation of the contribution of spe-
cific emission sources to ozone if these impacts are used for
source attribution. As an example, Emmons et al. (2012) re-
ported that tagged ozone is 2–4 times larger than the impact
calculated by the perturbation approach. Even though the dif-
ference between impact and contribution is well known in
the literature, the perturbation method is still widely used for
ozone attribution studies, i.e. studies in which the contribu-
tions of emission sources to the ozone budget are analysed.
In the present study we want to investigate the share of
land transport emissions to European ozone levels. There-
fore, we choose a source attribution method to calculate the
contributions of land transport emissions to ozone and ozone
precursors. The effect of mitigation options of land transport
emissions is not a subject of this study. From the point of
view of air quality planning, this might be seen as an aca-
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Table 1. Comparison of scientific questions which can be answered by impacts (using a perturbation method) and contributions (calculated
by a source attribution method such as tagging).
Questions Impacts (perturbation) Contribution (attribution)
Which ozone concentration can
be attributed to a specific emis-
sion source? What is the share




has the largest contribution to
ozone?
not suitable, as part of ozone remains
unexplained
well suited as 100 % of ozone can be explained
What source should be taken
into account for mitigation op-
tions, because it has the largest
ozone share?
not suitable suitable
How does the share in ozone
of an emission change if the
strength of that emission is
changed?
not suitable suitable
What source should be taken
into account for mitigation
options, because it decreases
ozone concentration most?
suitable not suitable
What is the resulting ozone
change, because of a change in
the strength of emission?
well suited, as sensitivity of ozone on the
emission change is analysed
not suitable
Can the quantity be measured? yes, effects of emission reductions can be mea-
sured and compared with model results.
no, so far no measurement concept is available.
How large (and for which
sources) are compensating or
feedback effects caused by a
change in the strength of an
emission?
combination of both methods required
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demic question, but as with similar previous studies (e.g.
Brandt et al., 2013; Karamchandani et al., 2017; Pay et al.,
2019; Lupaşcu and Butler, 2019), our investigation improves
the understanding of European ozone levels.
Many studies were performed which investigated the in-
fluence of land transport emissions to ozone on the global
scale (e.g. Granier and Brasseur, 2003; Niemeier et al., 2006;
Matthes et al., 2007; Hoor et al., 2009; Dahlmann et al.,
2011; Mertens et al., 2018). All of them showed that land
transport emissions impact ozone considerably on the global
scale, especially in the Northern Hemisphere. These results
of global models, however, give only very limited informa-
tion on the contributions of the land transport (or other) emis-
sions to ozone levels on the regional scale, especially as sim-
ulated ozone mixing ratios depend on the model resolution
(e.g. Wild and Prather, 2006; Wild, 2007; Tie et al., 2010;
Holmes et al., 2014; Markakis et al., 2015). Even though
land transport is, besides other anthropogenic emissions (e.g.
Matthias et al., 2010; Tagaris et al., 2014; Aulinger et al.,
2016; Yan et al., 2018) and biogenic emissions (e.g. Simp-
son, 1995; Solmon et al., 2004; Curci et al., 2009; Sartelet
et al., 2012), an important source of ozone precursors in Eu-
rope, only few studies investigated the influence of Euro-
pean land transport emissions on ozone. Reis et al. (2000)
investigated the impact of a projected change of road traf-
fic emissions from 1990 to 2010 on ground-level ozone in
Europe, reporting a general decrease of ozone levels due to
emission reductions. Similarly, Tagaris et al. (2015) quan-
tified the impact of 10 different emission sources on Euro-
pean ozone and PM2.5 levels using the CMAQ (Community
Multi-scale Air Quality) model for a specific period (July
2006). Tagaris et al. (2015) reported an impact of road trans-
port emissions on the maximum 8 h ozone mixing ratio of
10 % or more in central Europe. Compared to this, Valverde
et al. (2016) used a source attribution method integrated in
CMAQ (Kwok et al., 2015) to investigate the contributions
of road traffic emissions of Madrid and Barcelona to ozone.
They reported ozone contributions of 11 % to 25 % for the
Iberian Peninsula. Similarly, Karamchandani et al. (2017) ap-
plied the source attribution technique integrated in CAMx
(Comprehensive Air-quality Model with extensions; Dunker
et al., 2002) to calculate the contribution of 11 source cate-
gories to ozone concentrations for one summer and one win-
ter month in 2010, focusing on 16 European cities. Generally,
Karamchandani et al. (2017) reported contributions of 12 %
to 35 % of the road traffic sector on the ozone levels in differ-
ent cities. In accordance with other studies, Karamchandani
et al. (2017) showed that European ozone levels are strongly
influenced by long-range transport (e.g. Jonson et al., 2018;
Pay et al., 2019). Despite the high importance of long-range
transport, all discussed studies applied the source attribution
method in the regional model only. Ozone and ozone pre-
cursors which are advected towards Europe (i.e. significantly
influenced by boundary conditions of the regional model) are
not attributed to specific emission sources (or regions) but are
attributed to the boundary conditions only.
Accordingly, all of the previous studies quantified only the
contribution of European land transport emissions to the Eu-
ropean ozone levels. In contrast, the present study provides
a detailed assessment on the contribution of land transport
emissions to ozone and ozone precursors (NOx , CO) consid-
ering the combined effect of European and global emissions.
To include also the effects of long-range transport in re-
gional studies, a global–regional model chain is necessary,
which includes a source attribution method in the global and
the regional models. Such a model is the MECO(n) model
system (MESSy-fied ECHAM and COSMO models nested
n times; e.g. Kerkweg and Jöckel, 2012a, b; Hofmann et al.,
2012; Mertens et al., 2016), which couples the global chem-
istry climate model EMAC (ECHAM/MESSy Atmospheric
Chemistry; e.g. Jöckel et al., 2010, 2016) at runtime to the
regional chemistry model COSMO-CLM/MESSy (COSMO
model in CLimate Mode with MESSy infrastructure; Kerk-
weg and Jöckel, 2012b). Two regional model refinements
are applied, covering Europe and Germany with 50 and
12 km resolutions, respectively. The global model resolution
is 300 km. The global and the regional models are equipped
with the MESSy interface (Jöckel et al., 2005, 2010), and
we apply the same tagging method (Grewe et al., 2017)
for source attribution in the global and the regional mod-
els. Compared to previous studies, this model system allows
for a contribution analysis from the global to the regional
scale taking into account the effects of long-range transport
(Mertens et al., 2020).
Typically, the uncertainties of such source attribution stud-
ies are large. The reasons are the following:
– uncertainties in the models (e.g. chemical or physical
parameterizations);
– uncertainties due to the choice of source attribution
methods;
– uncertainties of the emissions inventories;
– seasonal variability of the contributions caused by mete-
orological conditions and seasonal cycles of emissions
(e.g. stronger biogenic emissions and more active pho-
tochemistry during summer than winter);
– year-to-year variability of the contributions caused by
meteorological conditions or large emissions of spe-
cific sources in specific years (e.g. yearly differences of
biomass burning emissions).
To account for the uncertainties due to different emission
inventories, simulations with two different anthropogenic
emission inventories were performed. To further account for
the seasonal variability, we investigate the contributions for
winter and summer seasons. In addition, we consider always
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three simulation years to estimate the variability of the contri-
butions between different years. The investigation of uncer-
tainties caused by models and/or source attribution methods
is beyond the scope of this study.
In our analysis we focus on mean and extreme (expressed
as 95th percentile) contributions for the multi-year (2008 to
2010) seasonal average values of winter (December, January,
and February, hereafter DJF) and summer conditions (June,
July, and August, hereafter JJA). Our main priority is on the
results of the European domain. However, as the model res-
olution can influence the results, we also further investigate
results for the smaller domain covering Germany.
The article is structured as follows. First, Sect. 2 contains a
brief description of the model system, including an introduc-
tion to the applied tagging method, a description of the per-
formed model simulations, and the applied emission inven-
tories, as well as a brief comparison of the simulated ozone
concentrations with observations. Sections 3 and 4 discuss
the contributions of land transport emissions to reactive ni-
trogen, carbon monoxide, and ozone in Europe. Section 5
focuses on the contribution of reactive nitrogen for Germany
only based on the finer-resolved simulation results. Finally,
the net ozone production over Europe and in particular the
contributions of land transport emissions to the net ozone
production are investigated in Sect. 6.
2 Description of the model system
In this study the MECO(n) model system is applied (Kerk-
weg and Jöckel, 2012b; Hofmann et al., 2012; Mertens
et al., 2016; Kerkweg et al., 2018). This system couples
online the global chemistry–climate model EMAC (Jöckel
et al., 2006, 2010) with the regional-scale chemistry–climate
model COSMO-CLM/MESSy (Kerkweg and Jöckel, 2012a).
COSMO-CLM is the community model of the German re-
gional climate research community jointly further devel-
oped by the CLM-Community (Rockel et al., 2008). New
boundary conditions (for dynamics, chemistry, and contribu-
tions) are provided at every time step of the driving model
(e.g. EMAC or COSMO-CLM/MESSy) to the finer-resolved
model instances (COSMO-CLM/MESSy). Accordingly, the
MECO(n) model allows for a consistent zooming from the
global scale into specific regions of interest.
The simulations analysed in the present study are the
same simulations as described in detail by Mertens et al.
(2020). Therefore, we present only the most important de-
tails of the model set-up. Table 2 lists the used MESSy sub-
models. The global model EMAC is applied at a resolution
of T42L31ECMWF, corresponding to a quadratic Gaussian
grid of approx. 2.8◦× 2.8◦ and 31 vertical hybrid pressure
levels from the surface up to 10 hPa. The time step length
is set to 720 s. To achieve a higher resolution, we apply
two COSMO-CLM/MESSy nesting steps. The first refine-
ment covers Europe with a horizontal resolution of 0.44◦
and 240 s time step length, while the second refinement
covers Germany with 0.11◦ horizontal resolution and 120 s
time step length. Both refinements feature 40 vertical levels
from the surface up to 22 km. In the following, the abbre-
viation CM50 (COSMO(50 km)/MESSy) corresponds to the
first refinement (with roughly 50 km resolution) and CM12
(COSMO(12 km)/MESSy) corresponds to the second refine-
ment (roughly 12 km resolution). The MESSy submodel
MECCA (Module Efficiently Calculating the Chemistry of
the Atmosphere; Sander et al., 2011) is applied in EMAC
and COSMO-CLM/MESSy for the calculation of chemical
kinetics. The chemical mechanism includes the chemistry of
ozone, methane, and odd nitrogen. Alkynes and aromatics
are not taken into account, but alkenes and alkanes are con-
sidered up to C4. The Mainz Isoprene Mechanism (MIM1;
Pöschl et al., 2000) is applied for the chemistry of isoprene
and some non-methane hydrocarbons (NMHCs). The com-
plete namelist set-ups and the mechanisms of MECCA and
SCAV (scavenging of traces gases by clouds and precipita-
tion; Tost et al., 2006a, 2010) are part of the Supplement.
Anthropogenic, biomass burning, agricultural waste burn-
ing (AWB), and biogenic emissions are prescribed from ex-
ternal data sources (see Sect. 2.2). Emissions of soil NOx
are calculated online (i.e. during model runtime) following
the parameterization of Yienger and Levy (1995). The same
applies for emissions of biogenic VOCs (volatile organic
compounds), which are calculated following Guenther et al.
(1995), and emissions for lightning NOx for which the pa-
rameterization of Price and Rind (1994) is applied.
The simulation period ranges from July 2007 to Jan-
uary 2011. The period in 2007 is the spin-up phase, and the
years 2008–2010 are analysed. For reasons of computational
costs, CM12 has been initialized in May 2008 from CM50
and integrated for the period May–August 2008 only. There-
fore, results of CM12 are analysed for JJA 2008 only. To fa-
cilitate a one-to-one comparison with observations, EMAC
is “nudged” by Newtonian relaxation of temperature, diver-
gence, vorticity, and the logarithm of surface pressure (Jöckel
et al., 2006) towards ERA-Interim (Dee et al., 2011) reanal-
ysis data of the years 2007 to 2010. The sea surface temper-
ature and sea ice coverage are prescribed from ERA-Interim
as well. CM50 and CM12 are not nudged but forced at the
lateral and top boundaries against the driving model (e.g.
EMAC for CM50 and CM50 for CM12).
One feature of chemistry–climate models is the coupling
between chemistry, radiation, and atmospheric dynamics,
meaning that even small changes in the chemical state of
the atmosphere lead to changes in the dynamics (which in
turn feed back to the chemistry). This feedback can prevent
a quantification of the influence of small emission changes
on the atmospheric composition. To overcome this issue,
Deckert et al. (2011) proposed a so-called quasi chemistry-
transport model mode (QCTM mode) for EMAC, which
can also be applied in MECO(n) (Mertens et al., 2016). To
achieve the decoupling between dynamics and chemistry, cli-
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Table 2. Overview of the most important MESSy submodels applied in EMAC and COSMO/MESSy. Both COSMO/MESSy instances use
the same set of submodels. MMD∗ comprises the MMD2WAY submodel and the MMD (Multi-Model-Driver) library.
Submodel EMAC COSMO Short description References
AEROPT x calculation of aerosol optical properties Dietmüller et al. (2016)
AIRSEA x x exchange of tracers between air and sea Pozzer et al. (2006)
CH4 x methane oxidation and feedback to hydrological cycle
CLOUD x cloud parameterization Roeckner et al. (2006),
Jöckel et al. (2006)
CLOUDOPT x cloud optical properties Dietmüller et al. (2016)
CONVECT x convection parameterization Tost et al. (2006b)
CVTRANS x x convective tracer transport Tost et al. (2010)
DDEP x x dry deposition of aerosols and gas-phase tracers Kerkweg et al. (2006a)
EC2COSMO x additional ECHAM5 fields for COSMO coupling Kerkweg and Jöckel (2012b)
GWAVE x parameterization of non-orographic gravity waves Roeckner et al. (2003)
JVAL x x calculation of photolysis rates Landgraf and Crutzen (1998),
Jöckel et al. (2006)
LNOX x NOx production by lighting Tost et al. (2007),
Jöckel et al. (2010)
MECCA x x tropospheric and stratospheric gas-phase chemistry Sander et al. (2011),
Jöckel et al. (2010)
MMD* x x coupling of EMAC and COSMO/MESSy (i.e. library
and submodel)
Kerkweg and Jöckel (2012b),
Kerkweg et al. (2018)
MSBM x x multiphase chemistry of the stratosphere Jöckel et al. (2010)
OFFEMIS x x prescribed emissions of trace gases and aerosols Kerkweg et al. (2006b)
ONEMIS x x online calculated emissions of trace gases and aerosols Kerkweg et al. (2006b)
ORBIT x x Earth orbit calculations Dietmüller et al. (2016)
QBO x Newtonian relaxation of the quasi-biennial oscillation
(QBO)
Giorgetta and Bengtsson
(1999), Jöckel et al. (2006)
RAD x radiative transfer calculations Dietmüller et al. (2016)
SCAV x x wet deposition and scavenging of trace gases and
aerosols
Tost et al. (2006a)
SEDI x x sedimentation of aerosols Kerkweg et al. (2006a)
SORBIT x x sampling along sun-synchronous satellite orbits Jöckel et al. (2010)
SURFACE x surface properties Jöckel et al. (2016)
TAGGING x x source attribution using a tagging method Grewe et al. (2017)
TNUDGE x x Newtonian relaxation of tracers Kerkweg et al. (2006b)
TROPOP x x diagnostic calculation of tropopause height and addi-
tional diagnostics
Jöckel et al. (2006)
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matologies are used within EMAC: (a) all radiatively active
substances (CO2, CH4, N2O, CFC-11, and CFC-12) for the
radiation calculations; (b) nitric acid for the stratospheric
heterogeneous chemistry (in the submodel MSBM, Multi-
phase Stratospheric Box Model; Jöckel et al., 2010); and (c)
OH, O1D, and Cl for methane oxidation in the stratosphere
(submodel CH4). In COSMO-CLM/MESSy only the clima-
tology of nitric acid for the submodel MSBM is required.
The applied climatologies are monthly-mean values from
the RC1SD-base-10a simulation described by Jöckel et al.
(2016).
2.1 Tagging method for source attribution
The source attribution of ozone and ozone precursors is
performed using the tagging method described in detail by
Grewe et al. (2017), which is based on an accounting sys-
tem following the relevant reaction pathways and applies the
generalized tagging method introduced by Grewe (2013).
For the source attribution, the source terms, e.g. emis-
sions, of the considered chemical species, are fully decom-
posed into N unique categories. The definition of the 10 cat-
egories considered in the current study are listed in Table 3.
The tagging method is a diagnostic method, i.e. the atmo-
spheric chemistry calculations are not influenced by the tag-
ging method. To minimize the computational resources (e.g.
computing time and memory consumption), the tagging is
not performed for the detailed chemistry from MECCA but
for a simplified family concept. The species of the family
concept are listed in Table 4.
The production rates, loss rates, and mixing ratios of the
chemical species which are required for the tagging method
are obtained from the submodel MECCA. Loss processes
like deposition are treated as a bulk process, meaning that the
changes in the relevant mixing ratios due to dry and wet de-
position are memorized and later applied to all tagged species
according to their relative contributions.
Due to the full decomposition into N categories, the sum
of contributions of all categories for one species equals the
total mixing ratio of this species (i.e. the budget is closed):
N∑
tag=1
Otag3 = O3. (1)
To demonstrate the basic concept of the generalized tag-
ging method, we consider the production of O3 by the reac-
tion of NO with an organic peroxy radical (RO2) to NO2 and
the organic oxyradical (RO):
NO+RO2 −→ NO2+RO. (R1)
As demonstrated by Grewe et al. (2017) (see Eqs. 13 and
















Here, all species marked with tag represent the quantities
tagged for one specific category (e.g. land transport emis-
sions); PR1 is the production rate of O3 by Reaction (R1); and
NOy and NMHC represent the mixing ratios of the tagged
families of NOy and NMHC, respectively. The denominator
represents the sum of the mixing ratios over all categories
of the respective tagged family or species. Accordingly, the
tagging scheme takes into account the specific reaction rates
from the full chemistry scheme. Further, the fractional appor-
tionment is inherent to the applied tagging method, as due to
the combinatorial approach, every regarded chemical reac-
tion is decomposed into all possible combinations of reacting
tagged species.
Some of the categories listed in Table 3 are not directly
associated with emission sectors. These categories are strato-
sphere, CH4 and N2O. All ozone which is formed by the pho-
tolysis of oxygen, i.e.
O2+ hv−→ O(3P)+O(3P), (R2)
is labelled as stratospheric ozone.
The degradation of N2O is a source for NOy (and a loss of
ozone) by the reaction:
N2O+O1D−→ 2NO. (R3)
The degradation of CH4 is considered a source of




As discussed recently in detail by Butler et al. (2018),
all tagging methods are based on specific assumptions and
have specific limitations. The scheme by Grewe et al. (2017),
which we apply in the current study, is based on specific as-
sumptions, which differ from other tagging schemes used
in regional and global models. One important difference is
the question whether ozone formation is attributed to NOx
or VOC precursors. The schemes which are available in the
regional models CMAQ (called CMAQ-ISAM; Kwok et al.,
2015) and CAMx (called CAMx OSAT; Dunker et al., 2002)
use threshold conditions to check whether ozone formation
is NOx or VOC limited. Depending on this, the ozone pro-
duction is attributed to NOx or VOC precursors only. The
scheme by Emmons et al. (2012), applied on the global scale,
tags only NOx ; therefore, ozone production is only attributed
to NOx precursors. Based on the work by Emmons et al.
(2012), Butler et al. (2018) present a scheme which attributes
ozone formation to either NOx or VOCs (implying that usu-
ally two simulations, one with NOx and one with VOC tag-
ging, are performed). This scheme was also applied by Lu-
paşcu and Butler (2019) in a regional model simulation over
Europe, using the NOx tagging scheme only. Compared to
discussed schemes, the scheme by Grewe et al. (2017) at-
tributes ozone production always to all associated precursors
(i.e. NOx , HO2 and VOCs) without any threshold conditions.
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Table 3. Description of the different tagging categories applied in this study following Grewe et al. (2017). Please note that some tagging
categories summarize different emission sectors (see description). The last row shows the nomenclature of the tagged tracers for ozone as an
example.
Tagging category Description Notation for
tagged ozone
Land transport emissions of road traffic, inland navigation, railways (IPCC codes
1A3b_c_e)
Otra3
Anthropogenic non-traffic sectors energy, solvents, waste, industries, residential, agriculture Oind3
Shipping emissions from ships (IPCC code 1A3d) Oshp3
Aviation emissions from aircraft Oair3
Lightning lightning-NOx emissions O
lig
3
Biogenic online calculated isoprene and soil-NOx emissions, offline emissions
from biogenic sources and agricultural waste burning (IPCC code 4F)
Osoi3
Biomass burning biomass burning emissions Obio3
CH4 degradation of CH4 O
CH4
3
N2O degradation of N2O O
N2O
3
Stratosphere downward transport from the stratosphere Ostr3
Table 4. Definition of the chemical families used in the tagging method. More details on the species contained in the families are given in
the Supplement of Grewe et al. (2017).
Tagged species Description
O3 Ozone as family of odd oxygen
PAN PAN (peroxyacyl nitrates)
CO CO
NOy all chemically active nitrogen compounds without PAN in the chemical mechanisms (15)
NMHC all NMHCs in the chemical mechanisms (42)
OH OH tagged in a steady-state approach (see Rieger et al., 2018)
HO2 HO2 tagged in a steady-state approach
If the tagging scheme is used in addition to the perturba-
tion approach (see Table 1) to investigate the influence of
mitigation options, the approach of Grewe et al. (2017) leads
to the effect that in VOC limited regions a NOx emission re-
duction of an emission sector reduces the contribution of that
sector, and increases the contribution of the other sectors. In
contrast, a reduction of VOC emissions decreases the contri-
bution of the respective sector only. The latter is similar to the
approaches integrated in CMAQ or CAMx, which attribute
ozone production in the case of a VOC limit to VOC precur-
sors only. Compared to NOx tagging, our approach leads to
lower contributions of NOx sources, since they compete not
only with other NOx sources but also with VOC sources.
Because of the family concept, which is necessary to keep
the memory consumption and the computational costs low,
the tagging method applied in our study can lead to some
unphysical artefacts. As an example, Grewe et al. (2017) dis-
cuss the production of PAN (peroxyacyl nitrates) by NMHCs
from CH4 degradation. Further, due to the combinatorial ap-
proach, for instance, also NMHCs from stratospheric origin
can occur in small amounts, which is also an unphysical arte-
fact. The main reason for this is the definition of the PAN
family, which transfers tags from NOy to NMHCs. Other tag-
ging schemes have specific issues as well. As an example, the
scheme by Emmons et al. (2012) does not neglect the O3–
NOx null cycle, which leads to an overestimation of local
sources compared to long-range transport sources (see also
Kwok et al., 2015). Overall, the impacts of the underlying
assumptions on the results are difficult to quantify. There-
fore, it is important to study effects of different emission
sources with different methods (at best in the same model
framework), in order to understand better the strengths and
weaknesses of the different approaches and their impact on
the source attribution results.
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Besides these general assumptions of the different meth-
ods one specific problem occurs when applying ozone source
attribution in regional models: the boundary conditions. Usu-
ally, regional studies (e.g. Li et al., 2012; Kwok et al., 2015;
Valverde et al., 2016; Pay et al., 2019) just tag ozone from
lateral and top boundaries as “boundary ozone”, because no
boundary conditions including tagged ozone are available.
Recently, Lupaşcu and Butler (2019) used results from a pre-
vious global model simulation including a NOx tagging as
boundary conditions for a regional ozone source attribution
study with WRF-Chem (Weather Research and Forecasting
model coupled with Chemistry) over Europe. As pointed out
by Mertens et al. (2020), our approach has no need for re-
sults from previous model runs, as in MECO(n) the tagging is
performed in all model instances (i.e. in the global model as
well as all regional model instances). Thus, consistent bound-
ary conditions are provided for the regional model instances,
and source categories for contributions from lateral or model
top boundaries are not required. In the present study, the tag-
ging method is configured such that we apply only one global
tag for every source category. While this allows us to inves-
tigate the contributions of all global emissions of a specific
emission source to ozone, we are not able to separate contri-
butions from local and long-range transport. (We cannot sep-
arate contributions from, for example, European and Asian
land transport emissions to European ozone levels, but we
can quantify the contribution of global land transport emis-
sions to European ozone levels.)
In the following, we denote absolute contribution of land
transport emissions to ozone as Otra3 . Analogously, contribu-
tions to the family of NOy and CO are denoted as NOtray and
COtra, respectively (cf. abbreviations in Table 3). These ab-
solute contributions correspond to the share of the species to-
tal mixing ratio which can be attributed to emissions of land
transport. Please note that the given absolute contributions
for ozone are always computed by multiplying the relative
contributions to odd oxygen with the ozone mixing ratios.
These values are slightly lower than the absolute contribu-
tions of odd oxygen. Besides the absolute contributions, we
investigate relative contributions which give the percentage
of the contribution to the total mixing ratio of the species.
2.2 Emission scenarios and numerical experiments
To investigate the influence of the uncertainties of anthro-
pogenic emissions inventories on the source attribution re-
sults, we perform simulations for two anthropogenic emis-
sion inventories. The first emission inventory is the MACC-
ity inventory (Granier et al., 2011), a global inventory with
0.5◦× 0.5◦ horizontal resolution, which corresponds to the
RCP 8.5 (Representative Concentration Pathway) emission
scenario for the analysed time frame (called MAC in the fol-
lowing). The second emission inventory is named VEU and
considers emissions only for the European area (0.0625◦×
0.0625◦ horizontal resolution). It was composed in the DLR
project “Verkehrsentwicklung und Umwelt” (VEU). For this
emission inventory, the German land transport emissions
were estimated bottom up by means of macroscopic traffic
simulations. Finally, the land transport emissions are esti-
mated by combining the activity data of the traffic simula-
tions with corresponding emissions factors. For the other Eu-
ropean countries, as well as for all other emission sectors, a
top-down approach was applied. More details about the emis-
sion inventory are provided by Hendricks et al. (2017). Fur-
ther details about the preprocessing of the emissions is given
in Appendix A of Mertens (2017).
Two different simulations are performed:
– REF. The MAC emission inventory is applied in EMAC
and all regional refinements (e.g. CM50 and CM12).
– EVEU. The MAC emission inventory is applied in
EMAC and the VEU emission inventory in the regional
refinements.
The VEU emission inventory considers only emissions for
the sectors land transport, anthropogenic non-traffic (includ-
ing landing and take-off (LTO) of aeroplanes), and shipping.
Table 5 lists the total emissions of NOx , CO, VOC, and the
ratio of NOx to VOC for these emission sectors. In gen-
eral, the total emissions of the land transport sector are quite
similar, while the emissions of the sectors anthropogenic
non-traffic and shipping are lower in the VEU compared to
the MAC emission inventory. Especially the NOx and VOC
emissions are lower by around 30 % and 50 %, respectively.
This leads to different NOx to VOC ratios for the total an-
thropogenic emissions between both emission inventories.
The definition of the emission sectors in VEU is different
from the definition in MAC. In the VEU emission inventory
LTO emissions are part of the anthropogenic non-traffic sec-
tor, but in-flight emissions from aircraft are not considered
in VEU. Therefore, the MAC aviation emissions are also ap-
plied in the EVEU simulation. To avoid a double counting of
the LTO emissions, the aviation emissions in MAC are set to
zero in the lowermost level in EVEU, leading to a reduction
of the aviation emissions of the MAC emission inventory by
0.05 Tga−1 (see Table 5). For the emission sectors agricul-
tural waste burning (AWB), biomass burning, lightning, and
biogenic, we apply the same emissions in both simulations
(see Table 6). Total emissions for the global model EMAC,
and for CM12, are given in the Supplement (see Sect. S4).
Figure 1 displays the geographical distribution of the land
transport emissions of NOx , CO, and VOC applied in the
REF and EVEU simulations and the emission differences be-
tween both simulations. Shown are only the emissions of
EMAC and CM50, focusing on Europe. The NOx land trans-
port emissions for CM12 are depicted in the Supplement
(Fig. S7). Further, more detailed figures showing the geo-
graphical distribution in CM50 are part of the Supplement
(Fig. S8). The emissions of CM50 are superimposed onto the
emissions applied in EMAC, where the MACCity emissions
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Figure 1. Annually averaged emission fluxes (2008 to 2010) from the land transport sector (in kgm−2 s−1). Shown are the emissions as
applied in EMAC (based on the MACCity inventory) and in CM50. The emissions of CM50 are superimposed on the emissions of EMAC.
In the region covered by CM50, EMAC also uses the MACCity emissions (not visible). (a) The emissions applied in REF, (b) the emissions
applied in EVEU, and (c) the difference of the emissions between REF and EVEU (“REF − EVEU”). Shown are the emission fluxes of NOx
(in kg (NO)m−2 s−1), CO (in kg (CO)m−2 s−1), and VOC (in kg (C)m−2 s−1).
Table 5. Average (2008 to 2010) annual total emissions for the CM50 domain of different anthropogenic emission sectors and the total of all
emission sectors for NOx (in Tg(NO)a−1), CO (Tg(CO)a−1), VOC (Tg(C)a−1), and the NOx to VOC ratio (NOx / VOC).
REF EVEU
Emission sector NOx CO VOC NOx / VOC NOx CO VOC NOx / VOC
Land transport 5.2 29 3.1 1.7 5.4 24 3.4 1.6
Anthropogenic non-traffic 7.3 28 14 0.52 5.1 30 6.5 0.78
Shipping 2.4 0.25 0.36 6.5 1.8 0.30 0.096 19
Aviation 0.60 – – – 0.55 – – –
Total 15.5 57.3 17.5 0.88 12.9 54.3 10.0 1.3
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Table 6. Average (2008–2010) annual total emissions for the
CM50 domain of NOx (in Tg(NO)a−1), CO (Tg(CO)a−1), VOC
(Tg(C)a−1), and the NOx to VOC ratio (NOx / VOC). Given are
the total emissions of the emission sectors which are identical in
REF and EVEU.
Emission sector NOx CO VOC NOx /
VOC
Biogenic 1.2 4.8 22 0.056
Biomass burning 0.26 9.0 0.38 0.73
Agricultural waste 0.081 2.8 0.098 0.83
burning
Lightning 0.76 – – –
are applied globally. Despite comparable total emissions be-
tween the MACCity and the VEU emission inventory over
Europe, the geographical distributions differ. Generally, the
VEU emission inventory features larger emissions near the
hot-spots and lower emissions away from the hot-spots com-
pared to MAC. Further, MAC features larger NOx emissions
especially the northern part of the British Isles and in Fin-
land. Emissions of CO are especially larger around Estonia
in MAC compared to VEU. Particularly over Germany, the
Po Valley, and parts of eastern Europe, VEU features more
emissions of NOx , CO, and VOCs (see also totals for CM12
in Table S4). Besides the difference between the emissions
applied in CM50 (and CM12), it is important to note that for
the REF and the EVEU simulations the same emissions are
applied in EMAC. Therefore, the difference (Fig. 1c) is zero
in EMAC.
2.3 Model evaluation
A model set-up very similar to the one used for the present
study was evaluated with observational data by Mertens et al.
(2016). Generally, the comparison showed a good agree-
ment with observations. The biases are similar to com-
parable model systems and exhibit a positive ozone bias
and negative biases for NO2 and CO. One important rea-
son for these biases is the too efficient vertical mixing
within the COSMO-CLM model. An evaluation of the ozone
mixing ratios simulated by REF and EVEU was presented
by Mertens et al. (2020) but with emphasis on JJA mean
values. To investigate the model’s ability to represent ex-
treme values, we present a brief evaluation of the simulated
ozone concentrations in comparison to the Airbase v8 obser-
vational dataset (https://www.eea.europa.eu/data-and-maps/
data/airbase-the-european-air-quality-database-8, last ac-
cess 14 February 2020). As the model resolution of 50 km is
too coarse to resolve hot-spots of individual cities, we restrict
the comparison to those stations which are classified as area
types “suburban” and characterized as “background”. We fo-
cus on JJA 2008 to 2010 and compare the results over all 350
measurement stations. The measurements are subsampled at
the same temporal resolution (3 hourly) as the model data.
Our comparison with the Airbase v8 data shows the known
positive ozone bias (Mertens et al., 2016, 2020). The aver-
age root-mean-square error (RMSE) over all 350 stations is
29.2 µgm−3 for REF and 24.3 µgm−3 for EVEU. The corre-
sponding mean biases (MBs) are 26.6 % and 20.5 %, respec-
tively (see Table 7). In addition, we calculated also the RMSE
and MB for the REF simulation considering only measure-
ments and model data at 12:00 and 15:00 UTC. For this sub-
sample, both RMSE and MB decrease considerably. Accord-
ingly, the largest ozone values during daylight are captured
very well by the model. As a more detailed comparison be-
tween measurements and model result shows, the overesti-
mation of ozone is particularly strong during night. This can
partly be attributed to a too unstable boundary layer during
night, which is a common difficulty in many models (Travis
and Jacob, 2019). In addition, the too strong vertical mix-
ing in the model leads to positive ozone biases at noon and
during the night (see also Mertens et al., 2020, 2016). Fur-
ther investigations about how this bias could be reduced in
the future are currently undertaken. Besides the too efficient
vertical mixing, too low ozone deposition during night, too
low NO or VOC emissions, and successively underestimated
ozone depletion during nights could also partly contribute to
this bias.
To check the model’s ability to represent extreme ozone
values, the simulated 95th percentiles of ozone are compared
with measurements too (see Fig. 2). Overall, the model is
able to capture most of the regional variability of the extreme
values over Europe. Near the densely populated regions in
Benelux, Germany, and Italy, however, the model is not able
to reproduce the observed 95th percentiles of ozone. In these
areas the model resolutions (i.e. also for the 12 km domain,
which is not shown here) are too coarse to allow for a rep-
resentation of extreme ozone values in urban areas. As was
shown by prior studies (e.g. Tie et al., 2010), resolutions be-
low 10 km are required to capture large ozone values near
cities. Terrenoire et al. (2015) noted that even with 8 km res-
olution the performance of the applied CHIMERE model is
better at rural than at urban sites. This underestimation can
also be quantified using the RMSEs and MBs for the 95th
percentile, which are listed in Table 7.
These results have important implications for the anal-
yses presented in the present study. First of all, the too
strong vertical mixing in COSMO-CLM/MESSy leads to a
positive bias of the contribution of stratospheric ozone at
ground level. Further, contributions of lightning and aviation
at ground level are likely overestimated due to this overes-
timated vertical mixing. Altogether COSMO-CLM/MESSy
simulates an approximately 1 percentage point lower con-
tribution of anthropogenic emissions to ground-level ozone
compared to EMAC (see Mertens et al., 2020).
Due to the coarse model resolution of 50 km, our results
are representative of the regional scale, but not for specific
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Figure 2. 95th percentile of ozone (in µgm−3) for the period JJA 2008 to 2010 as simulated by REF (a) and EVEU (b). The background
colours show the ozone concentrations as simulated by CM50, and the circles represent the location of stations of the Airbase v8 observation
data. The inner point represents the measured concentrations and the outer point the concentrations in the respective grid box, where the
station is located. All values are based on data every 3 h.
Figure 3. Absolute contribution of land transport emissions to ground-level NOy (in nmolmol−1) as simulated by CM50. Panels (a) and (b)
are contributions for the period DJF (2008 to 2010) of the REF and EVEU simulations, respectively. Panels (c) and (d) are contributions for
the period JJA (2008 to 2010) of the REF and EVEU simulations, respectively.
urban areas. In these urban areas local emissions and local
ozone production and destruction might be more important
such that contributions of local sources can be much larger
than the values we present. On the regional scale, however,
Mertens et al. (2020) showed that the results are quite robust
with respect to the model resolution (down to 11 km).
Because of the stronger ozone bias during night, we fur-
ther compared the contributions at 12:00 and 15:00 UTC with
the contributions considering all times of the day. The rela-
tive contributions show only small differences, i.e. a slightly
larger contribution of anthropogenic emission sources during
day (not shown). Therefore, we present always results for all
times of the day.
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Table 7. Root-mean-square error (RMSE, in µgm−3) and mean bias
(MB, in percent) of the REF and EVEU simulations compared to
Airbase v8 observation data. Given are the scores for the mean val-
ues during JJA and DJF, as well as values for the 95th percentile for
JJA. For REF, listed additionally, the scores considering only the
values at 12:00 and 15:00 UTC are also given.
RMSE MB
(µgm−3) (%)
REF JJA mean 29.2 26.6
REF JJA 12:00 and 15:00 UTC 18.7 13.4
EVEU JJA mean 24.3 20.5
REF JJA 95th percentile 26.9 −10.0
EVEU JJA 95th percentile 28.7 −14.2
REF DJF mean 35.1 32.8
EVEU DJF mean 32.8 30.1
3 Contributions of land transport emissions to
ground-level mixing ratios of NOy and CO in Europe
CO and NOy are direct pollutants of the land transport sector,
with different chemical lifetimes. Due to the family concept
of the tagging method, we investigate contributions to NOy
and not to NOx . Our focus in this section is on the results at
the European scale; results of NOy for Germany will be dis-
cussed in Sect. 5. Figure 3 shows NOtray for DJF and JJA. The
largest mixing ratios of NOtray are simulated near southern
England, the Paris metropolitan region, western Germany,
and the Benelux Union as well as the Po Valley and the
Moscow metropolitan region. In these regions contributions
of up to 10 nmolmol−1 are simulated. In general, larger ab-
solute contributions occur during DJF compared to JJA, but
the seasonal cycle of the land transport emissions is small in
both emission inventories (see Fig. S4). Accordingly, the dif-
ferences in NOtray between DJF and JJA are likely not caused
by seasonal differences of the emissions but by larger mixing
layer heights and a more effective photochemistry during JJA
compared to DJF.
The seasonal change in NOtray is smaller than differences
between REF and EVEU. Near areas with large land transport
emissions, EVEU simulates 3 to 4 nmolmol−1 larger contri-
butions than REF. In most of the hot-spot regions (e.g. Paris
and the Po Valley) the differences are even larger and the con-
tributions calculated by EVEU are 5 nmolmol−1 larger than
in REF. In some regions the results of both simulations are
in total contrast. In REF for example, absolute contributions
of up to 4 nmolmol−1 are simulated in Finland, while EVEU
simulates absolute contributions below 1 nmolmol−1.
The relative contribution of land transport emissions to
ground-level NOy is in the range of 40 % to 70 % in most
parts of Europe (see Fig. 4). These relative contributions are
similar to the share of land transport NOx emissions to all
NOx emissions (see Fig. S9), but compared to the share of
the emissions, the contributions to NOy are slightly lower
near hot-spots and larger in rural areas.
During DJF, REF simulates the lowest relative contribu-
tions of 30 % to 50 % over most parts of Europe. During sum-
mer the contributions increase up to 60 % with the largest val-
ues in southern Germany, the Po Valley, and southern Eng-
land. EVEU simulates a smaller difference of the contribu-
tions between DJF and JJA as REF. Further, the maxima are
generally slightly larger and contributions of up to 70 % are
simulated around the Po Valley and the Paris area. Interest-
ingly, the relative contributions are lower during DJF than
during JJA, while the absolute contributions are larger during
DJF than during JJA. Most likely this is caused by the lower
amount of anthropogenic non-traffic NOx emissions during
JJA compared to DJF (see Fig. S4).
The simulated mixing ratios of COtra (see Fig. 5) show
a similar behaviour as NOtray , implying that contributions in
DJF are larger than in JJA. This seasonal difference is most
likely caused by lower mixing layer heights and increased
lifetime of CO during DJF compared to JJA, as OH concen-
trations are lower in winter compared to summer. Generally,
the largest contributions are simulated in southern England,
around Paris, western Germany, the Po Valley, and around
Moscow. In EVEU contributions of up to 75 nmolmol−1 are
simulated around London, Paris, Milan, and Moscow, while
the results of the REF simulation show lower contributions in
the western European regions of mostly 50 to 60 nmolmol−1.
Compared to NOtray , however, some hot-spots stand out in the
results of the two simulations. EVEU, for example, shows
larger contributions (40 to 60 nmolmol−1) to CO over Hun-
gary or southern Poland. Contrary to this, REF shows con-
tributions of 30 to 50 nmolmol−1 over Estonia. These differ-
ences between contributions are directly attributable to the
differences in the emission inventories (Fig. 1). Hence, the
uncertainties with respect to the CO emissions of land trans-
port in these regions are quite large.
4 Contribution of land transport emissions to ozone in
Europe and Germany
In contrast to NOy and CO, ozone is a secondary pol-
lutant and emissions have an indirect effect on it. There-
fore, this section quantifies the contribution of land transport
emissions to ozone in detail. Besides land transport emis-
sions, however, many other sources contribute to ground-
level ozone. Generally, the most important sources which
contribute globally to ozone are downward transport from
the stratosphere, anthropogenic non-traffic, shipping, light-
ning, and biogenic emissions (e.g. Lelieveld and Dentener,
2000; Grewe, 2004; Hoor et al., 2009; Dahlmann et al.,
2011; Emmons et al., 2012; Grewe et al., 2017; Butler et al.,
2018). Table 8 lists the contributions of different emission
sources to ozone for Europe averaged for JJA 2008 to 2010
and for the results of EVEU and REF (see also Fig. S6 for
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Figure 4. Relative contribution of land transport emissions to ground-level NOy (in percent) as simulated by CM50. Panels (a) and (b) are
contributions for the period DJF of the REF and EVEU simulations, respectively. Panels (c) and (d) are contributions for the period JJA of
the REF and EVEU simulations, respectively. Grey areas indicate regions where the absolute NOy mixing ratios are below 0.5 nmolmol−1.
In these regions no relative contributions are calculated for numerical reasons.
Figure 5. Absolute contribution of land transport emissions to ground-level CO (in nmolmol−1) as simulated by CM50. Panels (a) and (b)
are contributions for the period DJF of the REF and EVEU simulations, respectively. Panels (c) and (d) are contributions for the period JJA
of the REF and EVEU simulations, respectively.
Atmos. Chem. Phys., 20, 7843–7873, 2020 https://doi.org/10.5194/acp-20-7843-2020
M. Mertens et al.: Attributing ozone and its precursors to land transport emissions 7857
Figure 6. Absolute contribution of land transport emissions to ground-level O3 (in nmolmol−1) as simulated by CM50. Panels (a) and (b)
are contributions for the period DJF of the REF and EVEU simulations, respectively. Panels (c) and (d) are contributions for the period JJA
of the REF and EVEU simulations, respectively.
zonally averaged vertical profiles of the contributions). The
most important sources for ground-level ozone in Europe
are biogenic emissions (≈ 19%), anthropogenic non-traffic
emissions (≈ 16%), methane degradation (≈ 14%), and land
transport emissions (≈ 12%). With increasing height, the
contributions of ground-based emission sources decrease; ac-
cordingly, the contribution of land transport emissions de-
creases to ≈ 8% at 600 hPa. At the same time the impor-
tance of ozone transported downward from the stratosphere,
lightning, and aviation increases. At a height of 200 hPa
more than 50 % of the ozone is from stratospheric origin.
The contribution of land transport emissions drops to around
3 %. Further, the differences between the results of REF and
EVEU decrease with increasing height, indicating the larger
importance of long-range transport. The latter is equal in both
simulations due to identical emissions for the global model
and therefore identical boundary conditions for CM50 for the
global model.
4.1 Seasonal average contribution to ground-level
ozone
DJF ground-level Otra3 simulated by REF and EVEU (see
Fig. 6) ranges between 2 and 4 nmolmol−1. Even lower
ground-level Otra3 is simulated near some hot-spots due to
ozone titration. The absolute contributions mentioned above
correspond to relative contributions of Otra3 of around 8 %
Table 8. Area-averaged contribution of different emission sources
over Europe (defined as a rectangular box 10◦W to 38◦ E and 30 to
70◦ N) for JJA 2008–2010 at three different altitudes (in percent).
The values are mean values of the REF and EVEU simulations: the
range indicates the standard deviation between the results of REF
and EVEU.
Ground (%) 600 hPa (%) 200 hPa (%)
Stratosphere 7.4± 0.1 13.7± 0.1 52.0± 0.1
CH4 14.3± 0.1 14.7± 0.1 8.3± 0.1
Lightning 8.8± 0.2 15.0± 0.5 9.0± 0.1
Aviation 3.7± 0.1 5.2± 0.1 2.0± 0.1
Biomass burning 6.1± 0.1 4.8± 0.1 2.2± 0.1
Biogenic 18.8± 0.3 15.7± 0.1 7.5± 0.1
Shipping 9.2± 0.6 4.7± 0.1 1.5± 0.1
Anth. non-traffic 16.4± 0.8 13.0± 0.2 6.1± 0.1
Land transport 11.6± 0.4 8.3± 0.1 3.3± 0.1
N2O 3.6± 0.1 5.1± 0.0 8.3± 0.1
over large parts of Europe (see Fig. 7). Although the Euro-
pean emission inventories differ in the simulations, the con-
tributions (absolute and relative) show almost no differences.
The emissions of the global model, however, are identical
in REF and EVEU, leading to identical contributions at the
boundaries of the regional domain. Hence, the contributions
during DJF are mainly dominated by long-range transport to-
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Figure 7. Relative contribution of land transport emissions to ground-level O3 (in percent) as simulated by CM50. Panels (a) and (b) are
contributions for the period DJF of the REF and EVEU simulations, respectively. Panels (c) and (d) are contributions for the period JJA of
the REF and EVEU simulations, respectively.
wards Europe which was reported by Karamchandani et al.
(2017). This is caused by the low ozone production and long
lifetime of ozone during winter.
During JJA the ozone production increases and local emis-
sions play a larger role. Therefore, Otra3 increases to 5 to
10 nmolmol−1, implying an increase of the contributions to
10 % to 16 %. The geographical distribution of the contri-
bution is similar for both emission inventories, showing in-
creasing absolute and relative contributions from north-west
to south-east. The largest relative contributions are simulated
around the Po Valley, while the largest absolute contributions
are shifted downwind from Italy to the Adriatic Sea. In these
regions the differences between the results of the two simu-
lations are largest, reaching up to 2 nmolmol−1 for the ab-
solute and 2 percentage points for the relative contributions.
The larger differences between the results of REF and EVEU
during summer compared to winter are mainly caused by the
increasing ozone production over Europe during spring and
summer. Accordingly, differences in the emission inventories
modify the regional ozone budgets more efficiently.
To quantify the contributions of land transport emissions
and other emission sources in different regions in more de-
tail, Fig. 8 shows area-averaged relative contributions for JJA
and DJF for the REF and EVEU simulations (absolute con-
tributions are given in Tables S1 to S8). The geographical
regions were defined according to the definitions of the PRU-
DENCE project (Christensen et al., 2007). However, we per-
formed some slight modifications. The Alps region was split
up into two separate regions called “Northern Alps”, defined
as a rectangular box (46◦ to 48◦ N and 9◦ to 13◦ E), and “Po
Valley” (44◦ to 46◦ N and 5 to 15◦ E). Note, however, that
the region Northern Alps contains parts of Switzerland and
southern Germany, which are still rather flat and subject to
large land transport emissions. In addition, we defined a re-
gion called inflow (40◦ to 60◦ N and 11◦ to 13◦W). This
region is used to quantify contributions in the air advected
towards Europe. A figure summarizing the definition of all
regions is part of the Supplement (Fig. S12).
The relative contribution of Otra3 in the inflow region is
about 9% in both seasons and for both European emission
inventories. During DJF the contributions in all regions are
very similar. During JJA the contribution of land transport
emissions increases in most regions compared to the inflow
(≈ 9%). In the Po Valley Otra3 reaches up to 16 %. Unfor-
tunately, the difference between Otra3 in a specific region and
Otra3 in the corresponding region inflow cannot be used to cal-
culate Otra3 from European emissions. Such a calculation re-
quires different tags for global and European land transport
emissions. The relative contribution of other anthropogenic
emissions (anthropogenic non-traffic, shipping, and aviation;
see also Table 3) in the inflow region (≈ 34%) is also very
similar in both seasons. During DJF the contributions over
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all regions in Europe are very similar to the contribution in
the inflow region. During JJA, in contrast, a west–east gradi-
ent of the anthropogenic contributions is present over Europe
with a decrease down to ≈ 27% in eastern Europe. This de-
crease is mainly due to the seasonality of the different emis-
sions (discussed further below). The biogenic emissions cat-
egory shows different relative contributions in the inflow re-
gion during DJF (≈ 11%) compared to JJA (≈ 14%). This is
mainly caused by the strong increase in biogenic emissions
during summer compared to winter. In the different regions
the relative contributions increase during JJA compared to
DJF, and, compared to the inflow by up to ≈ 20%. The con-
tribution of all other tagging categories during DJF is≈ 47%
in most regions, and it ranges between 41 % and 36 % during
JJA.
As already discussed, the emissions of the land transport
sector show almost no seasonal cycle (Fig. S4), while the
absolute and relative contributions of Otra3 show a seasonal
cycle. This seasonal cycle is caused by a complex interplay
of the seasonal cycles of different emission sources, mete-
orology, and photochemical activity. The seasonal cycle of
the relative contribution of Otra3 is shown in Fig. 9. The sea-
sonal cycle of the absolute contribution is similar to the cy-
cle of the relative contribution but shows the largest peak
during June when the absolute ozone levels are largest (see
Fig. S10). The contribution peaks between May and July and
in October (≈ 13% averaged over Europe for the column up
to 850 hPa), and it has a minimum of 9 % during Decem-
ber to March. The decrease of the contribution during the
summer months is mainly caused by the large contribution
of biogenic emissions (biogenic VOCs and soil NOx) during
July and August and subsequent increasing contributions of
Osoi3 . The decrease of the contribution during DJF is mainly
caused by increasing contributions from the stratosphere and
anthropogenic non-traffic emissions. The categories show a
strong seasonal cycle with peaks of the contributions during
March and May (Fig. S3). The indicated standard deviation
of the contribution shows that in winter, spring, and autumn
the year-to-year variability (blue shading) is the most impor-
tant source of uncertainty. Here, differences in regional emis-
sions lead only to small differences (orange shading). During
summer, however, the differences of the regional emissions
strongly contribute to the uncertainties.
The differences between the extreme absolute and relative
contributions of Otra3 between REF and EVEU (expressed as
95th percentile) are larger than for the mean values. The 95th
percentile of the relative contribution of Otra3 to ground-level
ozone reaches up to 24 % in the Po Valley using the VEU
emission inventory (see Fig. 10). In REF the maxima are
lower by 4 to 5 percentage points compared to EVEU. In
contrast to the mean values, the extreme values occur mainly
near the regions with the largest land transport emissions,
namely over France, Italy, and Germany. Over France and
Germany extreme values (depending on the applied emission
inventory) in the range of 16 % to 18 % occur, while the val-
ues in northern Italy range from 20 % to 24 %.
Focussing on Germany, the relative contribution of Otra3 to
ground-level ozone is 10 % to 15 %. The contribution has a
north-west-to-south-east gradient. One important contributor
to this gradient is the strong shipping emissions in the En-
glish Channel, North Sea, and Baltic Sea (e.g. Matthias et al.,
2010). These emissions lead to larger relative and absolute
contributions of shipping emissions in northern and western
Germany, which decrease towards the south. The absolute
contributions are around 2 to 3 nmolmol−1 during DJF and
4 to 6 nmolmol−1 during JJA (averaged for 2008 to 2010).
The largest 95th percentile of the relative contribution of land
transport emissions is simulated in southern Germany (up to
22 %).
4.2 Contribution during extreme ozone events
To better characterize episodes of extreme ozone values, it
is important to know which emission sources contribute to
and/or drive these extreme ozone values. Therefore, we in-
vestigate the contribution of land transport emissions during
extreme ozone episodes. As discussed in Sect. 2.3 the contri-
butions we report are representative of the regional scale. For
analyses of the local scale (i.e. individual cities), the resolu-
tion of the model is too coarse.
First, the 99th, 95th, and 75th percentiles of the ozone
mixing ratios for the period JJA 2008 to 2010 are calculated
(based on 3-hourly model output; see Figs. S1 and S2). Sec-
ond, the categories contributing to these 99th, 95th and 75th
percentiles of ozone are analysed. Generally, the contribu-
tions to these extreme values have a high spatial variability.
To capture this spatial variability, the contributions are anal-
ysed for the whole CM50 domain as well as for specific re-
gional subdomains as introduced in Sect 4.1.
The range of contributions in the different regions is
shown in Fig. 11. Generally, the relative contribution of Otra3
(Fig. 11a and b) increases for increasing ozone percentiles
in most regions. This increase is largest in the following re-
gions: Po Valley, Northern Alps, mid Europe, France, and
the British Isles. The largest contributions of Otra3 occur in
the Mediterranean region, Northern Alps, Po Valley, mid Eu-
rope, and France. Especially in these regions, EVEU simu-
lates larger median and maximum relative contributions of
Otra3 compared to REF. Further, the range of contributions
for almost all regions is larger in EVEU compared to REF.
The ozone values at the 95th percentile (see Sect. 2.3) and at
the other percentiles (see Figs. S1 and S2), however, are sim-
ilar for REF and EVEU (i.e. none of the emission inventories
lead to strongly different representations of extreme ozone
events in the model). Accordingly, the discussed differences
of the relative contributions are not caused by a different rep-
resentation of the ozone values themselves but only due to the
different geographical and sectoral distributions of the emis-
sions in REF and EVEU. This demonstrates the large uncer-
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Figure 8. Area-averaged relative contributions to ground-level ozone (in percent) in different geographical regions for DJF 2008 to 2010
(triangles) and JJA 2008 to 2010 (squares). Shown are the results of the REF (blue) and the EVEU simulations (red) for (a) the land transport
category, (b) the anthropogenic emissions, (c) the biogenic category, and (d) all other categories. For simplicity, the anthropogenic category
contains the anthropogenic non-traffic, aviation, and shipping categories. The residual contains all other categories. The vertical-axis scale
differs from (a) to (d).
tainty, especially for contributions analysed for episodes with
large ozone values of the source attribution analyses which is
caused by the uncertainties of emissions inventories (e.g. ge-
ographical distribution of emissions, total emissions per sec-
tor). These uncertainties must be taken into account in source
attribution studies focusing on periods with extreme ozone
values.
For the 99th percentile of ground-level ozone, the median
of the relative contributions of Otra3 in the region Po Valley
is around 17%/22 % (REF / EVEU simulation), while the
95th percentile is around 18%/25%. The contributions in
the region Northern Alps are only slightly smaller, as parts of
southern Germany and Switzerland with large land transport
emissions are also part of this region. The region with the
third largest contributions is mid Europe (including mainly
Germany and the Benelux Union). Here, median contribu-
tions (at 99th percentile of ozone) of 16%/18% and contri-
butions (at 95th percentile) of 18%/23% are simulated. The
largest contributions (between 24 and 28 % for the EVEU
simulation) are mainly simulated in the Po Valley, in south-
western Germany, western Germany, and around Paris. For
the lower percentiles of ground-level ozone, the contribution
of land transport emissions decreases and reaches median
contributions of 13 % to 16 % and 95th percentiles of 15 %
to 21 % in the regions Mediterranean, Northern Alps, mid
Europe, and France.
The medians of the relative contribution of other anthro-
pogenic emissions (i.e. the emission sectors anthropogenic
non-traffic and aviation) range in all regions from 17 % to
25 % (Fig. 11c and d). Hence, the contribution of other an-
thropogenic emissions is larger than the contribution of land
transport emissions. The increase in the contribution of other
anthropogenic emissions with increasing ozone percentiles,
however, is lower compared to the increase of Otra3 . Accord-
ingly, the relative importance of land transport emissions in-
creases with increasing ozone values, and hence land trans-
port emissions are an important driver of large ozone values.
This is in general in line with Valverde et al. (2016), who
found that concentration peaks of ozone in Barcelona and
Madrid can be explained by ozone attributed to road transport
emissions. However, their contributions are in general much
larger than the contributions we found (see more details in
Sect. 7). Besides the contribution of land transport emissions,
however, also the relative contribution of biogenic emissions
to ozone increases with increasing ozone levels (Fig. 11e and
f). Therefore, also biogenic emissions play an important role
during episodes with large ozone values.
While the relative contributions to ozone of the shown cat-
egories increase with increasing ozone levels, the contribu-
tion of the shipping emissions and all other categories de-
creases with increasing ozone levels in almost all regions
(Fig. S5). Only in the Mediterranean region does REF simu-
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Figure 9. Seasonal cycle of the relative contribution of Otra3 to
the ozone column up to 850 hPa (in percent). The black line indi-
cates the mean contribution as simulated by CM50, averaged over
the years 2008–2010 and the two simulations (REF, EVEU). The
blue shading indicates the standard deviation with respect to time
for the years 2008 to 2010 for the EVEU simulation. The orange
shading indicates the standard deviation with respect to time be-
tween the 2008–2010 averaged seasonal cycles of the REF and the
EVEU simulations. The symbols on the horizontal axis indicate the
time frames during which the categories named stratosphere, an-
thropogenic non-traffic (anth. non-tra.), biomass burning (biomass
bur.), and biogenic contribute the most.
late a small increase of the relative contribution of shipping
emissions with increasing ozone levels.
5 Contribution of land transport emissions to reactive
nitrogen in Germany
So far the results of the European domain are analysed. The
resolution of the VEU emission inventory, however, is much
finer (roughly 7 km) as the resolution of the European do-
main. Accordingly, the full potential of the emission inven-
tory is not revealed. Therefore, this section is dedicated to the
results of CM12 focusing on Germany. As shown by Mertens
et al. (2020) the contribution of land transport emissions to
ozone in Germany changes only slightly, when the model res-
olution is increased from 50 to 12 km. The changes due to
the increase in the resolution are smaller than the differences
between the results of both emission inventories. Therefore,
we focus on the contribution of land transport emissions to
NOy , where the results depend stronger on the model resolu-
tion. The results of Otra3 for Germany are discussed at the end
of Sect. 4.1.
Figure 12 shows the absolute contribution of NOtray for
JJA 2008 as simulated by CM12. As already discussed, the
differences between the two emission inventories are rather
large. The REF simulation shows maximum contributions
of around 5 nmolmol−1, while the EVEU simulation shows
contributions of up to 12 nmolmol−1. These large values oc-
cur around the large cities in Bavaria (Munich, Nuremberg)
and the large cities in (south-)western Germany (Stuttgart,
Frankfurt, Rhine-Ruhr area). These results indicate the im-
portance of land transport emissions for the mixing ratios
of reactive nitrogen levels in German cities. Further, they
clearly show the importance of finely resolved emission in-
ventories (and models) for source attribution of short-lived
chemical species.
6 Contribution of land transport emissions to net
ozone production in Europe
We analyse the contribution of land transport emissions to
the ozone budget in Europe by investigating the net ozone
production, which is defined as
PO3 = ProdO3−LossO3, (3)
with production (ProdO3) and loss rates (LossO3) of ozone
as diagnosed by the tagging method for the different tagged
categories (see Sect. S5).
According to the analysis (see Table 9) the land trans-
port emissions are the second most important anthropogenic
emission sector contributing to PO3 in Europe. In general,
the results obtained with both emission inventories are rather
similar, caused by similar total emissions of the land trans-
port sector. For both simulations, PO3 due to land trans-
port emissions integrated over the CM50 domain and up
to 850 hPa is around 13 Tg(O3)a−1. PO3 integrated up to
200 hPa is 23 Tg(O3)a−1.
The differences between contributions of Otra3 discussed
in Sect. 4 are mainly caused by the differences of the total
emissions of the anthropogenic non-traffic sector. PO3 of the
anthropogenic non-traffic category differs by roughly 30 %
between REF and EVEU, whereas the total net ozone pro-
duction differs by roughly 15 %. Due to the lower total emis-
sions in the VEU emission inventory compared to the MAC
inventory, less ozone is produced in the former.
The regions where ozone is predominantly formed by land
transport emissions are displayed in Fig. 13a and b, showing
the relative contribution of land transport emissions to PO3 .
Here, the analysis is restricted to the period May to Septem-
ber where PO3 is largest. Additionally, Fig. 13c and d indi-
cate the emission sectors which contribute most to PO3 up
to 850 hPa in the respective grid box. Consistent with pre-
vious analyses, the results show that the relative contribu-
tion of land transport emissions to PO3 is in general larger in
EVEU compared to REF. The contribution is lowest over the
Atlantic and along the main shipping routes in the Mediter-
ranean Sea. In these regions ozone up to 850 hPa is mainly
formed from shipping emissions (Fig. 13c and d). Gener-
ally, the contribution of land transport emissions to PO3 is
largest over central Europe, including parts of the Iberian
https://doi.org/10.5194/acp-20-7843-2020 Atmos. Chem. Phys., 20, 7843–7873, 2020
7862 M. Mertens et al.: Attributing ozone and its precursors to land transport emissions
Figure 10. 95th percentile of the relative contribution of Otra3 (in percent) as simulated by CM50 based on 3-hourly model output. Panels (a)
and (b) are contributions for JJA of the REF and EVEU simulations, respectively.
Table 9. Diagnosed net ozone production (PO3 ) of the 10 considered categories (in Tga
−1) as simulated by CM50. The production rates are
integrated over the CM50 domain and up to 850/200 hPa, respectively. The values are averaged for 2008–2010, and the ranges indicate one
standard deviation with respect to time based on the annual averages of the individual years.
PO3 integrated up to 850 hPa (Tga
−1) PO3 integrated up to 200 hPa (Tga
−1)
REF EVEU REF EVEU
Land transport 13.2± 0.2 13.3± 0.3 22.8± 0.6 23.4± 0.5
Anthropogenic non-traffic 22.2± 0.5 15.1± 0.3 37.8± 1.1 26± 0.5
Shipping 6.7± 0.1 5.6± 0.1 10.6± 0.1 8.8± 0.1
Aviation 0.3± 0.1 0.1± 0.1 8.1± 0.1 7.9± 0.1
Biogenic 15.9± 0.6 15.3± 0.5 28.8± 0.7 28.2± 0.7
Lightning −0.9± 0.1 −1.0± 0.1 6.9± 0.3 7.0± 0.3
Biomass burning 2.1± 0.2 1.8± 0.1 3.8± 0.3 3.5± 0.3
CH4 degradation 4.5± 0.1 3.6± 0.1 12.5± 0.4 11.5± 0.4
N2O −0.2± 0.1 −0.3± 0.1 1.8± 0.1 1.7± 0.1
Stratosphere −1.9± 0.1 −1.7± 0.6 −10.9± 0.7 −11± 0.7
Total 61.8± 0.3 51.9± 1.0 122.3± 2.0 107.4± 1.8
Peninsula, the British Isles, and Italy. In these regions the
contributions range from 25 % to 35 % in REF and 25 % to
40 % in EVEU. Further, the regions of large contributions ex-
tend much more to the east (including Austria and Hungry)
in EVEU compared to REF. Besides these regions, the con-
tributions of land transport emissions to PO3 range from 15 %
to 20 % in most areas. However, both simulation results in-
dicate regions, especially in northern Europe but also in the
Mediterranean Sea and Africa, with very large contributions
(above 35 %). These regions, however, generally show low
absolute values of PO3 . Therefore, the large contribution of
land transport emissions is not very meaningful.
With contributions from 25 % to 40 %, land transport
emissions contribute significantly to the ozone production up
to 850 hPa. However, in only very few regions (western Ger-
many, Austria, and northern Italy) and only in EVEU land
transport emissions are the most important contributors to
PO3 (Fig. 13).
Outside these regions the results of REF and EVEU show
that biogenic emissions are most important over the Iberian
Peninsula, large parts of eastern Europe, and Africa. For cen-
tral Europe and northern Europe, the REF results indicate
that the anthropogenic non-traffic category is most important,
while the EVEU results indicate biogenic and land transport
as the most important. This underlines that the uncertainty
of such analysis is strongly influenced by the uncertainties
of the anthropogenic and biogenic emissions inventories (or
parameterizations to calculate these emissions).
7 Discussion
Our analyses demonstrate the importance of land transport
emissions to European reactive nitrogen (NOy) mixing ra-
tios. The largest contribution of land transport emissions to
NOy are simulated in southern England, Benelux, Rhine-
Ruhr, Paris, and the Po Valley. These regions correspond well
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Figure 11. Box-whisker plot showing the contributions of the most important emission sources at the 99th, 95th, and 75th percentiles of ozone
as simulated by CM50. For simplicity, only the contributions for land transport, biogenic, and other anthropogenic emissions (anthropogenic
non-traffic and aviation) to ground-level ozone (in percent) are shown. Therefore, the contributions do not add up to 100 %. Panels (a) and
(b) show the relative contribution of Otra3 ; (c) and (d) the relative contribution of anthropogenic emissions (anthropogenic non-traffic and
aviation); and (e) and (f) the relative contribution of Osoi3 . The lower and upper end of the box indicate the 25th and 75th percentile, the bar
the median, and the whiskers the 5th and 95th percentile of the contributions of all grid boxes within the indicated region. All values are
calculated for JJA of the period 2008 to 2010 and are based on 3-hourly model output. The data are transformed on a regular grid with a
resolution of 0.5◦× 0.5◦ to allow for the regional analyses.
with the regions where ground-level measurements, satellite
observations, or air quality simulations report the largest ni-
trogen dioxide levels (e.g. Curier et al., 2014; Vinken et al.,
2014b; Terrenoire et al., 2015; Geddes et al., 2016; Euro-
pean Environment Agency, 2018). While the absolute con-
tributions in these regions depend strongly on the emission
inventory (5 to 10 nmolmol−1), the relative values are gen-
erally 50 % and more. Accordingly, land transport emissions
are one of the most important contributors to NOy in regions
with large NO2 concentrations.
These large amounts of NOx emissions from land trans-
port clearly contribute to the formation of ozone, but the
relative contributions to ozone are lower than the contribu-
tions to NOy . Here, the mean contributions range between
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Figure 12. Absolute contribution of NOytra (in nmolmol−1) for
JJA 2008 of land transport emissions as simulated by CM12. Panels
(a) and (b) show contributions for the period JJA of the REF and
EVEU simulations, respectively.
10 % and 16 % in most regions and even during extreme
ozone events the contributions are below 30 %. Clearly, land
transport emissions are an important contributor to European
ozone levels but they are not the most important contributor.
This is underlined by our analysis of the contribution of land
transport emissions to ozone production in Europe, which
range from 20 % to 40 % in most areas. The emission sectors
which are most important for ozone production in Europe are
biogenic emissions and anthropogenic non-traffic emissions.
During periods of large ozone values, however, our analy-
ses show that the contribution of land transport emissions to
ozone increases strongly, while the contribution of anthro-
pogenic non-traffic emissions is only slightly changed. This
suggests that emissions from land transport make an impor-
tant contribution to large ozone values.
We find that the regions with the largest contribution of
land transport emissions to ozone are not necessarily iden-
tical with the regions with the largest contributions to re-
active nitrogen. The ozone values peak mainly in northern
Italy (around the Po Valley) and southern Germany, which
is consistent with the findings of Tagaris et al. (2015). For
the Po Valley in particular, ground-level measurements show
that this is one of the regions with the largest ozone levels
in Europe (e.g. Martilli et al., 2002; Guerreiro et al., 2014;
European Environment Agency, 2018). In southern England,
around Paris, Benelux, and the Rhine-Ruhr region, where
the contribution of land transport emissions to NOy stands
out the contributions to ozone are not the largest. The result,
that regions are hot-spots for NOy from land transport emis-
sions but not for O3 from land transport is counter-intuitive.
The reason for this is that large amounts of NOx emissions
alone are not sufficient for large ozone production. This is
caused by the non-linearity of the ozone chemistry, including
the availability of VOCs, and the strong interdependence of
ozone production and meteorological conditions (e.g. Monks
et al., 2015).
A detailed comparison of our results with previous stud-
ies is complicated. First, we apply one global tag for the
land transport sector and do not differentiate between local-
produced ozone and long-range-transported ozone. In com-
parison to our approach, similar regional studies usually
attribute ozone only to the emissions within the regional
domain and attribute long-range transported ozone to the
boundary conditions. Second, the methods for source ap-
portionment applied in various studies differ. Third, the ap-
plied emission inventories differ and so do ozone metrics
and simulated periods. Tagaris et al. (2015), who calculated
the impact of different emission sectors on ozone using a
100 % perturbation of the respective emission sectors, re-
ported an impact of European road transport emissions of
7 % on average for the maximum 8 h ozone values in July
2006. In most regions impacts above 10 % were reported,
with maximum local impacts (southern Germany, northern
Italy) of above 20%. While their largest impacts occur in
similar regions as our largest contributions (southern Ger-
many, northern Italy), our mean contributions are larger than
their impacts, but the maximum contributions are lower than
their maximum impacts. Further, around London and in parts
of northern England, their impacts (see Fig. 3 therein) are
around 2 % to 4 %, while our contributions are in the range
of 8 % to 10 %. Hence, impact and contribution differ largely
in these regions. This is in line with previous work stating
that for ozone source attribution contributions instead of im-
pacts should be used (Grewe et al., 2012, 2019).
All the studies that we are aware of and which reported
contributions of land transport emissions to ozone over Eu-
rope using a tagging method either applied the CAMx model
(CAMx OSAT method; Karamchandani et al., 2017) or the
CMAQ model (CMAQ-ISAM method; Valverde et al., 2016;
Pay et al., 2019). As discussed, these two methods exam-
ine proxies of the ozone sensitivity to determine whether
ozone production is NOx or VOC limited. These previous
studies considered only European emissions, while we con-
sider the combined effect of European emissions and long-
range transport. Therefore, one would expect that our con-
tribution analysis shows larger contributions compared to
previous studies. However, our contributions in general are
lower compared to previously reported values. As an ex-
ample, Karamchandani et al. (2017) reported contributions
around larger European cities in the range of 11 % to 24 %
and in Budapest even up to 35 %. Valverde et al. (2016) re-
ported contributions of road transport emissions from Madrid
and Barcelona of up to 24 % and 8 %, respectively. Similarly,
Pay et al. (2019) diagnosed contributions of road transport
emissions on ozone of 9 % over the Mediterranean Sea and
up to 18 % over the Iberian Peninsula but for a specific sum-
mer episode only (July 2012). To discuss potential reasons
why our contributions are lower compared to previous es-
timates, we analysed our results for July 2010 to compare
these contributions directly with the findings of Karamchan-
dani et al. (2017).
As an example, Karamchandani et al. (2017) reported con-
tributions of 17 % around Berlin, while our contributions are
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Figure 13. Contribution analysis for PO3 integrated from the surface up to 850 hPa. Panels (a) and (b) show the relative contribution of land
transport emissions to PO3 (in percent) for the REF and the EVEU simulations, respectively. Panels (c) and (d) indicate the emission sectors
which contribute most to PO3 up to 850 hPa for the REF and EVEU simulations, respectively. Averaged data for the period May–September
2008 to 2010 as simulated by CM50 are analysed. Grey areas in (a) and (b) indicate regions where PO3 is below 1.5×10
−13 molmol−1 s−1.
In these regions no relative contributions are calculated for numerical reasons.
in the range of 12 %–14 %. Further they diagnosed contribu-
tions from the biogenic sector of around 11 % around Berlin,
while we find contributions of the biogenic sector of around
18 %. Generally, the contributions reported by Karamchan-
dani et al. (2017) seem to be much more variable over Eu-
rope compared to our results. A reason for this might be the
different treatment in the attribution of NOx and VOC pre-
cursors. Land transport emissions contribute mainly to NOx
emissions, while biogenic emissions are an important source
of VOCs. As shown by Butler et al. (2018), anthropogenic
emissions contribute most to ozone over Europe if a NOx
tagging is applied, while biogenic emissions are the most im-
portant contributor when VOC tagging is applied (Figs. 3 and
4 therein). Accordingly, those approaches which use a thresh-
old to perform either a VOC or NOx tagging attribute ozone
production under VOC limitation mainly to biogenic sources,
while under a NOx limitation ozone is attributed mainly to
anthropogenic sources (including land transport emissions).
Most likely this leads to a much stronger variability between
anthropogenic and biogenic contributions compared to our
approach, where ozone is always attributed to NOx and VOC
or HOx precursors.
Similar effects can also be observed when comparing our
results to the results of Lupaşcu and Butler (2019), who ap-
plied a NOx tagging for the period April to September 2010
and considered regional as well as global sources similar to
our approach. They reported contributions of biogenic emis-
sions in Europe for the period July–September between 5 %
and 13 % over Europe. Our results show contributions of
biogenic emissions which are much larger (15 % to 26 %
for the same period). In their approach, ozone is only at-
tributed to biogenic NOx emissions, while we attribute ozone
to biogenic NOx and VOC emissions. In addition, our es-
timated stratospheric contribution to ground-level ozone is
larger than the contributions reported by Lupaşcu and But-
ler (2019). Our results indicate stratospheric contributions
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for July to September in the range of 5 % to 10 % compared
to their 2 % to 4 %. Similarly, for lightning NOx our model
shows larger contributions (6 %–12 %) compared to the 3 %–
6 % diagnosed by Lupaşcu and Butler (2019).
The differences in the contributions for the stratospheric
and the lightning category can partly be attributed to the more
efficient vertical mixing in COSMO-CLM. Mertens et al.
(2020) reported a maximum difference of the contributions
from the stratosphere and lightning to ozone between EMAC
and COSMO-CLM/MESSy of 30 %. The difference between
our results for lightning and stratospheric contributions and
the results of Lupaşcu and Butler (2019) are much larger as
this 30 %. Therefore, the difference can most likely not be
fully attributed to differences in vertical mixing. Rather, the
differences can probably be explained by the different con-
tributions of the biogenic category (due to different tagging
methods) and by differences in lightning emissions and the
treatment of stratospheric ozone.
In general, the various studies discussed above do not pro-
vide sufficient information on the emissions parameteriza-
tions and inventories used (e.g. for lightning NOx , soil NOx ,
and biogenic VOCs) to fully analyse these differences. The
discrepancy in the results of the different source attribution
methods clearly shows that a coordinated comparison be-
tween these methods is important. This was already sug-
gested by Butler et al. (2018).
The comparison of the results between the two emission
inventories sheds light on the uncertainties associated with
such a source attribution method. The differences in the re-
sults for the direct pollutants CO and NOy are rather large.
The mean ozone contributions are much less influenced than
the direct pollutants. Especially during winter and in the
middle-to-upper troposphere, the contributions are mainly
dominated by long-range transport (e.g. land transport emis-
sions from the rest of the world). In our study, however, we
focused only on the uncertainties caused by different emis-
sion inventories for Europe. Therefore, we did not investi-
gate the influence of uncertainties from emissions from the
rest of the world. Uncertainties in these emissions are likely
to influence the contribution from long-range transport.
The results based on the two emission inventories show
only small differences between the mean ozone values but
large differences between the corresponding extreme ozone
values and net ozone production rates, even though the to-
tal land transport emissions between the two emission inven-
tories are similar. These differences are mainly due to the
differences between the anthropogenic non-traffic emissions
and the shipping emissions between the two emission inven-
tories. Accordingly, the source attribution of land transport
emissions is not only influenced by the uncertainties of the
land transport emissions but also by the uncertainties of all
other emission sectors. Further, it is also likely that emis-
sion inventories underestimate land transport emissions. As
an example, Kuik et al. (2018) reported an underestimation
of road traffic emissions for Berlin by up to 50 %. The im-
pact of such large underestimations on the source attribution
results needs to be investigated. Besides uncertainties in an-
thropogenic emissions, uncertainties in biogenic emissions
also contribute to uncertainties of the source attribution re-
sults. In this context uncertainties in biogenic VOC emissions
and NOx emissions from soil especially play an important
role. As an example, the uncertainties of soil NOx are rather
large (Vinken et al., 2014a) and the emissions applied in our
model system are at the lower end of current emission esti-
mates. Similar large uncertainties are also reported for bio-
genic VOC emission inventories (Ashworth et al., 2010; Han
et al., 2013; Oderbolz et al., 2013).
Generally, uncertainties caused by the emissions are larger
than the uncertainties which are caused by the simplifications
applied in our source attribution method, which are of the or-
der of some percent (see also discussion by Mertens et al.,
2018). Further, our results indicate a large seasonal variabil-
ity of the contribution of land transport emissions to ozone.
This variability is not only caused by the meteorological con-
ditions but also by the seasonal cycle of other emissions. Ac-
cordingly, not only the total emissions of different emission
sectors but also their seasonality (and the correct representa-
tion of this seasonality) plays an important role.
The question of how to evaluate these source attribution
results also remains a challenge. Clearly, a comparison of
different source attribution methods would help in revealing
individual strengths and weaknesses of the methods. In addi-
tion, measurements of specific episodes or in specific regions
(e.g. in plumes of cities, in regions with strong lightning ac-
tivity, or events of stratospheric intrusions) can help to assess
the diagnosed contributions by investigating if these contri-
butions are in a plausible range. Further, the influence of
model biases on the analysed contributions can be estimated,
but a direct evaluation of these contributions is not possible.
However, the diagnostic information from the source attri-
bution methods can help to understand the modelled ozone
production in more detail and can offer important insights to
understand potential model biases.
8 Conclusions
In the present study we investigate the contributions of land
transport emissions to pollutants in Europe and Germany
by focusing on ozone (O3), carbon monoxide (CO), and
reactive nitrogen (NOy) by means of simulations with the
MECO(n) model system. This model system couples a global
chemistry–climate model online with a regional chemistry–
climate model. To quantify the contributions of land trans-
port emissions to these species, we used a tagging method for
source attribution. This tagging method is an accounting sys-
tem which completely decomposes the budgets of ozone and
ozone precursors into contributions from different emission
sources. For the first time, such a method is applied consis-
tently in the global as well as the regional models to attribute
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ozone and ozone precursors to the emissions of land trans-
port. To consider the uncertainties associated with the emis-
sion inventories, we performed simulations with two differ-
ent emission inventories for Europe.
The contribution of land transport emissions to ground-
level NOy depends strongly on the applied emission in-
ventory. In general the contributions range from 5 to
10 nmolmol−1 near the European hot-spot regions, which
are western and southern Germany, the Po Valley, southern
England, and the Paris and Moscow metropolitan regions. In
most other parts in central and southern Europe, contribu-
tions of around 2 to 3 nmolmol−1 are simulated. Generally,
absolute contributions during winter are larger than during
summer, but the seasonal differences are smaller than the
differences between different emission inventories. The ab-
solute contributions correspond to relative contributions of
50 % to 70 % to ground-level NOy , which indicates that land
transport emissions are one of the most important sources for
NOy near ground level.
Similarly to NOy the simulated contribution of land trans-
port emissions to CO near ground level depends strongly
on the applied emission inventory. Generally, the contribu-
tions range around 30 nmolmol−1 during summer in regions
which are not directly associated with large land transport
emission sources and more than 75 nmolmol−1 near emis-
sion hot-spots such as Paris or Moscow.
The contribution of land transport emissions to ozone,
which is a secondary pollutant, shows a geographical dis-
tribution which differs strongly from the distribution of the
primary emissions. The absolute contribution shows a strong
north-west-to-south-east gradient with the largest contribu-
tions around the Mediterranean Sea. Due to the non-linear
behaviour of ozone chemistry and the strong dependency of
ozone formation on meteorology and other precursors such
as NOx (mainly CO, CH4, and VOCs), regions with large
emissions in western Europe (Benelux, British Isles, western
Germany) show no peak of the contribution of land trans-
port emissions to ozone. Such a peak is simulated in the Po
Valley, where large emissions and favourable conditions for
ozone production prevail. Generally, the contribution has a
strong seasonal cycle with values of 2 to 3 nmolmol−1 during
winter and 5 to 10 nmolmol−1 during summer. These abso-
lute contributions correspond to relative contributions in the
range of 8 % to 16 %. During winter, the results obtained for
the two European emission inventories show almost no dif-
ferences. The contributions are largely determined by long-
range transport and the year-to-year variability is the largest
source of uncertainty. Of course, also the uncertainties in the
emission inventories for emissions outside of Europe can in-
fluence the contribution analyses noticeably, but this has not
been investigated in the present study. During summer the
differences between the contributions diagnosed using the
two emission inventories are larger than the year-to-year vari-
ability. Hence, during summer uncertainties of emissions in-
ventories for Europe influence the contribution analyses con-
siderably.
While the emissions of the land transport sector have al-
most no seasonal cycle, the contributions exhibit a strong
seasonal cycle. This shows the strong influence of seasonal
cycles of other emission sources on the ozone production
from land transport emissions. Hence, uncertainties in total
emissions, geographical distributions, and the seasonal cy-
cles of other emissions strongly influence the contribution
analysis of land transport emissions. Especially during sum-
mer biogenic emissions play a key role here. The impact of
uncertainties in these emissions needs to be studied in more
detail. In addition, the impact of the applied source attribu-
tion method needs to be investigated in a coordinated way.
Our results suggest that our methodology, which accounts
for NOx and VOCs at the same time, leads to a partition-
ing between anthropogenic and biogenic sources partly dif-
ferent from previous studies which account for either NOx or
VOCs.
The contribution of land transport emissions to extreme
(99th percentile) ozone values is largest in the Po Valley,
reaching up to roughly 28 %. In other regions of Europe the
contribution of land transport emissions to extreme ozone
events is lower and strongly depends on the region and the
emission inventory. It is important, however, that the contri-
bution of land transport emissions to ozone increases with
increasing ozone levels. This indicates that land transport
emissions play an important role for ozone production dur-
ing episodes with large ozone values. Generally, the contri-
bution of land transport emissions to ozone production up
to 850 hPa is around 20 % and 40 % in most European re-
gions. However, only in very few regions are land trans-
port emissions the most important contributor to ozone pro-
duction. In most regions anthropogenic non-traffic and bio-
genic emissions are more important. Our analysis shows that
the biogenic emissions are also especially important dur-
ing episodes with large ozone values. Their contribution in-
creases with increasing ozone levels similar to the contri-
bution of land transport emissions. The contribution of an-
thropogenic non-traffic emissions shows almost no increase.
However, the large differences obtained for the two emis-
sion inventories indicate a large uncertainty range for such
an analysis.
As discussed in our introduction (see Table 1), contribu-
tions provide the share of ozone caused by specific emis-
sions. With respect to mitigation options, it is important
to point out that these contributions provide no informa-
tion about how ozone changes if the corresponding emission
sources are reduced. As discussed, this question can only be
assessed with the perturbation approach. However, the con-
tributions indicate how important different emission sources
are for the tropospheric ozone budget in Europe.
As a next step the analysis will be refined using source
attribution categories, which differentiates between contribu-
tions of European land transport emissions and land transport
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emissions from the rest of the world. Such an analysis will
help to quantify the importance of European and global land
transport emissions to ozone levels in Europe. Further, more
reliable emission estimates are important for follow-up stud-
ies. Here, the focus should not only be on the land transport
emissions, but also on other important emissions, especially
including biogenic VOCs and soil-NOx emissions, which are
subject to large uncertainties and contribute strongly to Eu-
ropean ozone levels. To better constrain the uncertainties of
the contribution analysis, follow-up studies are planned (see
Sect. 7) in which we will combine observational data of spe-
cific aircraft measurement campaigns together with model
results including the analysed contributions.
Code and data availability. The Modular Earth Submodel System
(MESSy) is continuously developed and applied by a consortium
of institutions. The usage of MESSy and access to the source
code is licensed to all affiliates of institutions which are mem-
bers of the MESSy Consortium. Institutions can become a mem-
ber of the MESSy Consortium by signing the MESSy Memoran-
dum of Understanding. More information, including how to become
a licensee for the required third-party software, can be found on
the MESSy Consortium website (http://www.messy-interface.org,
last access: 26 June 2020). The simulations have been performed
with a release of MESSy based on version 2.50. All changes are
available in the official release (version 2.51). The namelist set-
up used for the simulations is part of the Supplement. The model
data used in this study are available under the following DOI:
https://doi.org/10.5281/zenodo.3908469 (Mertens, 2020).
Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-20-7843-2020-supplement.
Author contributions. MM performed the simulations, analysed the
data, and drafted the manuscript. AK and PJ developed the model
system. VG developed the tagging method. RS drafted the study.
All authors contributed to the interpretation of the results and to the
text.
Competing interests. The authors declare that they have no com-
peting interests.
Special issue statement. This article is part of the special issue
“The Modular Earth Submodel System (MESSy) (ACP/GMD inter-
journal SI)”. It is not associated with a conference.
Acknowledgements. We acknowledge the Leibniz-Rechenzentrum
in Garching for providing computational resources on the Super-
MUC2 under the project ID PR94RI. We thank the MESSy consor-
tium and the CLM-Community for their ongoing model develop-
ments and their support. Analysis and generation of graphics for the
data were performed using the NCAR Command Language (version
6.4.0) software developed by UCAR/NCAR/CISL/TDD and avail-
able online: https://doi.org/10.5065/D6WD3XH5. We thank Hel-
mut Ziereis (DLR) and Markus Kilian (DLR) for very valuable
comments that improved the article. Further, we would like to thank
the two anonymous referees who helped to improve the quality of
the article.
Financial support. This study was supported by the DLR transport
programme (projects “Verkehr in Europa”, “Auswirkungen von
NOx”, “Transport and the Environment VEU2” and “Transport
and Climate TraK”), by the Bundesministerium für Bildung und
Forschung (grant nos. 01LP1127A and ID 01LP1606B), and by
the Initiative and Networking Fund of the Helmholtz Association
through the project “Advanced Earth System Modelling Capacity”
(ESM).
The article processing charges for this open-access
publication were covered by a Research
Centre of the Helmholtz Association.
Review statement. This paper was edited by Andreas Hofzumahaus
and reviewed by two anonymous referees.
References
Ashworth, K., Wild, O., and Hewitt, C. N.: Sensitivity of iso-
prene emissions estimated using MEGAN to the time resolu-
tion of input climate data, Atmos. Chem. Phys., 10, 1193–1201,
https://doi.org/10.5194/acp-10-1193-2010, 2010.
Aulinger, A., Matthias, V., Zeretzke, M., Bieser, J., Quante, M.,
and Backes, A.: The impact of shipping emissions on air pol-
lution in the greater North Sea region – Part 1: Current emis-
sions and concentrations, Atmos. Chem. Phys., 16, 739–758,
https://doi.org/10.5194/acp-16-739-2016, 2016.
Brandt, J., Silver, J. D., Christensen, J. H., Andersen, M. S., Bøn-
løkke, J. H., Sigsgaard, T., Geels, C., Gross, A., Hansen, A. B.,
Hansen, K. M., Hedegaard, G. B., Kaas, E., and Frohn, L. M.:
Contribution from the ten major emission sectors in Europe and
Denmark to the health-cost externalities of air pollution using
the EVA model system – an integrated modelling approach, At-
mos. Chem. Phys., 13, 7725–7746, https://doi.org/10.5194/acp-
13-7725-2013, 2013.
Butler, T., Lupascu, A., Coates, J., and Zhu, S.: TOAST
1.0: Tropospheric Ozone Attribution of Sources with Tag-
ging for CESM 1.2.2, Geosci. Model Dev., 11, 2825–2840,
https://doi.org/10.5194/gmd-11-2825-2018, 2018.
Christensen, J. H., Carter, T. R., Rummukainen, M., and Amana-
tidis, G.: Evaluating the performance and utility of regional cli-
mate models: the PRUDENCE project, Climatic Change, 81, 1–
6, https://doi.org/10.1007/s10584-006-9211-6, 2007.
Clappier, A., Belis, C. A., Pernigotti, D., and Thunis, P.: Source
apportionment and sensitivity analysis: two methodologies with
two different purposes, Geosci. Model Dev., 10, 4245–4256,
https://doi.org/10.5194/gmd-10-4245-2017, 2017.
Atmos. Chem. Phys., 20, 7843–7873, 2020 https://doi.org/10.5194/acp-20-7843-2020
M. Mertens et al.: Attributing ozone and its precursors to land transport emissions 7869
Crippa, M., Guizzardi, D., Muntean, M., Schaaf, E., Dentener,
F., van Aardenne, J. A., Monni, S., Doering, U., Olivier,
J. G. J., Pagliari, V., and Janssens-Maenhout, G.: Grid-
ded emissions of air pollutants for the period 1970–2012
within EDGAR v4.3.2, Earth Syst. Sci. Data, 10, 1987–2013,
https://doi.org/10.5194/essd-10-1987-2018, 2018.
Crutzen, P. J.: Photochemical reactions initiated by and influenc-
ing ozone in unpolluted tropospheric air, Tellus, 26, 47–57,
https://doi.org/10.1111/j.2153-3490.1974.tb01951.x, 1974.
Curci, G., Beekmann, M., Vautard, R., Smiatek, G., Stein-
brecher, R., Theloke, J., and Friedrich, R.: Modelling study
of the impact of isoprene and terpene biogenic emissions
on European ozone levels, Atmos. Environ., 43, 1444–1455,
https://doi.org/10.1016/j.atmosenv.2008.02.070, 2009.
Curier, R., Kranenburg, R., Segers, A., Timmermans, R., and
Schaap, M.: Synergistic use of OMI NO2 tropospheric
columns and LOTOS-EUROS to evaluate the NOx emission
trends across Europe, Remote Sens. Environ., 149, 58–69,
https://doi.org/10.1016/j.rse.2014.03.032, 2014.
Dahlmann, K., Grewe, V., Ponater, M., and Matthes, S.: Quanti-
fying the contributions of individual NOx sources to the trend
in ozone radiative forcing, Atmos. Environ., 45, 2860–2868,
https://doi.org/10.1016/j.atmosenv.2011.02.071, 2011.
Deckert, R., Jöckel, P., Grewe, V., Gottschaldt, K.-D., and Hoor,
P.: A quasi chemistry-transport model mode for EMAC, Geosci.
Model Dev., 4, 195–206, https://doi.org/10.5194/gmd-4-195-
2011, 2011.
Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V.,
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally,
A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-K., Peubey,
C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553–597,
https://doi.org/10.1002/qj.828, 2011.
Degraeuwe, B., Thunis, P., Clappier, A., Weiss, M., Lefebvre,
W., Janssen, S., and Vranckx, S.: Impact of passenger car
NOx emissions on urban NO2 pollution – Scenario analy-
sis for 8 European cities, Atmos. Environ., 171, 330–337,
https://doi.org/10.1016/j.atmosenv.2017.10.040, 2017.
Dietmüller, S., Jöckel, P., Tost, H., Kunze, M., Gellhorn, C.,
Brinkop, S., Frömming, C., Ponater, M., Steil, B., Lauer, A.,
and Hendricks, J.: A new radiation infrastructure for the Mod-
ular Earth Submodel System (MESSy, based on version 2.51),
Geosci. Model Dev., 9, 2209–2222, https://doi.org/10.5194/gmd-
9-2209-2016, 2016.
Dunker, A. M., Yarwood, G., Ortmann, J. P., and Wilson, G. M.:
Comparison of Source Apportionment and Source Sensitivity of
Ozone in a Three-Dimensional Air Quality Model, Environ. Sci.
Technol., 36, 2953–2964, https://doi.org/10.1021/es011418f,
2002.
Ehlers, C., Klemp, D., Rohrer, F., Mihelcic, D., Wegener, R.,
Kiendler-Scharr, A., and Wahner, A.: Twenty years of ambient
observations of nitrogen oxides and specified hydrocarbons in
air masses dominated by traffic emissions in Germany, Faraday
Discuss., 189, 407–437, https://doi.org/10.1039/C5FD00180C,
2016.
Emmons, L. K., Hess, P. G., Lamarque, J.-F., and Pfister, G.
G.: Tagged ozone mechanism for MOZART-4, CAM-chem and
other chemical transport models, Geosci. Model Dev., 5, 1531–
1542, https://doi.org/10.5194/gmd-5-1531-2012, 2012.
European Environment Agency: Air quality in Europe – 2018 re-
port, Luxembourg, Publications Office of the European Union,
https://doi.org/10.2800/777411, 2018.
Fowler, D., Pilegaard, K., Sutton, M., Ambus, P., Raivonen, M.,
Duyzer, J., Simpson, D., Fagerli, H., Fuzzi, S., Schjoerring, J.,
Granier, C., Neftel, A., Isaksen, I., Laj, P., Maione, M., Monks,
P., Burkhardt, J., Daemmgen, U., Neirynck, J., Personne, E.,
Wichink-Kruit, R., Butterbach-Bahl, K., Flechard, C., Tuovi-
nen, J., Coyle, M., Gerosa, G., Loubet, B., Altimir, N., Gru-
enhage, L., Ammann, C., Cieslik, S., Paoletti, E., Mikkelsen,
T., Ro-Poulsen, H., Cellier, P., Cape, J., Horvàth, L., Loreto,
F., Niinemets, U., Palmer, P., Rinne, J., Misztal, P., Nemitz,
E., Nilsson, D., Pryor, S., Gallagher, M., Vesala, T., Skiba,
U., Brüggemann, N., Zechmeister-Boltenstern, S., Williams,
J., O’Dowd, C., Facchini, M., de Leeuw, G., Flossman, A.,
Chaumerliac, N., and Erisman, J.: Atmospheric composition
change: Ecosystems-Atmosphere interactions, Atmos. Environ.,
43, 5193–5267, https://doi.org/10.1016/j.atmosenv.2009.07.068,
2009.
Geddes, J. A., Martin, R. V., Boys, B. L., and van Donkelaar, A.:
Long-Term Trends Worldwide in Ambient NO2 Concentrations
Inferred from Satellite Observations, Environ. Health Perspect.,
124, 281–289, https://doi.org/10.1289/ehp.1409567, 2016.
Giorgetta, M. A. and Bengtsson, L.: Potential role of the
quasi-biennial oscillation in the stratosphere-troposphere ex-
change as found in water vapor in general circulation
model experiments, J. Geophys. Res.-Atmos., 104, 6003–6019,
https://doi.org/10.1029/1998JD200112, 1999.
Granier, C. and Brasseur, G. P.: The impact of road traffic
on global tropospheric ozone, Geophys. Res. Lett., 30, 1086,
https://doi.org/10.1029/2002GL015972, 2003.
Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., van der Gon,
H. D., Frost, G., Heil, A., Kaiser, J., Kinne, S., Klimont, Z.,
Kloster, S., Lamarque, J.-F., Liousse, C., Masui, T., Meleux, F.,
Mieville, A., Ohara, T., Raut, J.-C., Riahi, K., Schultz, M., Smith,
S., Thompson, A., Aardenne, J., Werf, G., and Vuuren, D.: Evo-
lution of anthropogenic and biomass burning emissions of air
pollutants at global and regional scales during the 1980–2010
period, Clim. Change, 109, 163–190, 2011.
Grewe, V.: Technical Note: A diagnostic for ozone contribu-
tions of various NOx emissions in multi-decadal chemistry-
climate model simulations, Atmos. Chem. Phys., 4, 729–736,
https://doi.org/10.5194/acp-4-729-2004, 2004.
Grewe, V.: A generalized tagging method, Geosci. Model Dev., 6,
247–253, https://doi.org/10.5194/gmd-6-247-2013, 2013.
Grewe, V., Tsati, E., and Hoor, P.: On the attribution of con-
tributions of atmospheric trace gases to emissions in atmo-
spheric model applications, Geosci. Model Dev., 3, 487–499,
https://doi.org/10.5194/gmd-3-487-2010, 2010.
Grewe, V., Dahlmann, K., Matthes, S., and Steinbrecht, W.:
Attributing ozone to NOx emissions: Implications for cli-
mate mitigation measures, Atmos. Environ., 59, 102–107,
https://doi.org/10.1016/j.atmosenv.2012.05.002, 2012.
https://doi.org/10.5194/acp-20-7843-2020 Atmos. Chem. Phys., 20, 7843–7873, 2020
7870 M. Mertens et al.: Attributing ozone and its precursors to land transport emissions
Grewe, V., Tsati, E., Mertens, M., Frömming, C., and Jöckel,
P.: Contribution of emissions to concentrations: the TAG-
GING 1.0 submodel based on the Modular Earth Submodel
System (MESSy 2.52), Geosci. Model Dev., 10, 2615–2633,
https://doi.org/10.5194/gmd-10-2615-2017, 2017.
Grewe, V., Matthes, S., and Dahlmann, K.: The contribution
of aviation NOx emissions to climate change: are we ignor-
ing methodological flaws?, Environ. Res. Lett., 14, 121003,
https://doi.org/10.1088/1748-9326/ab5dd7, 2019.
Guenther, A., Hewitt, C., E., D., Fall, R. G., C., Graedel, T., Harley,
P., Klinger, L., Lerdau, M., McKay, W., Pierce, T., S., B., Stein-
brecher, R., Tallamraju, R., Taylor, J., and Zimmermann, P.: A
global model of natural volatile organic compound emissions, J.
Geophys. Res., 100, 8873–8892, 1995.
Guerreiro, C. B., Foltescu, V., and de Leeuw, F.: Air quality
status and trends in Europe, Atmos. Environ., 98, 376–384,
https://doi.org/10.1016/j.atmosenv.2014.09.017, 2014.
Han, K., Park, R., Kim, H., Woo, J., Kim, J., and Song, C.: Un-
certainty in biogenic isoprene emissions and its impacts on tro-
pospheric chemistry in East Asia, Sci. Total Environ., 463–464,
754–771, https://doi.org/10.1016/j.scitotenv.2013.06.003, 2013.
Hendricks, J., Righi, M., Dahlmann, K., Gottschaldt, K.-D., Grewe,
V., Ponater, M., Sausen, R., Heinrichs, D., Winkler, C., Wolfer-
mann, A., Kampffmeyer, T., Friedrich, R., Klötzke, M., and Ku-
gler, U.: Quantifying the climate impact of emissions from land-
based transport in Germany, Transport. Res. D-Tr. E., 65, 825–
845, https://doi.org/10.1016/j.trd.2017.06.003, 2017.
Hofmann, C., Kerkweg, A., Wernli, H., and Jöckel, P.: The
1-way on-line coupled atmospheric chemistry model sys-
tem MECO(n) – Part 3: Meteorological evaluation of the
on-line coupled system, Geosci. Model Dev., 5, 129–147,
https://doi.org/10.5194/gmd-5-129-2012, 2012.
Holmes, C. D., Prather, M. J., and Vinken, G. C. M.: The climate
impact of ship NOx emissions: an improved estimate account-
ing for plume chemistry, Atmos. Chem. Phys., 14, 6801–6812,
https://doi.org/10.5194/acp-14-6801-2014, 2014.
Hoor, P., Borken-Kleefeld, J., Caro, D., Dessens, O., Endresen,
O., Gauss, M., Grewe, V., Hauglustaine, D., Isaksen, I. S. A.,
Jöckel, P., Lelieveld, J., Myhre, G., Meijer, E., Olivie, D., Prather,
M., Schnadt Poberaj, C., Shine, K. P., Staehelin, J., Tang, Q.,
van Aardenne, J., van Velthoven, P., and Sausen, R.: The im-
pact of traffic emissions on atmospheric ozone and OH: re-
sults from QUANTIFY, Atmos. Chem. Phys., 9, 3113–3136,
https://doi.org/10.5194/acp-9-3113-2009, 2009.
Horowitz, L. W. and Jacob, D. J.: Global impact of fossil fuel
combustion on atmospheric NOx , J. Geophys. Res.-Atmos., 104,
23823–23840, https://doi.org/10.1029/1999JD900205, 1999.
Jöckel, P., Sander, R., Kerkweg, A., Tost, H., and Lelieveld, J.:
Technical Note: The Modular Earth Submodel System (MESSy)
– a new approach towards Earth System Modeling, Atmos.
Chem. Phys., 5, 433–444, https://doi.org/10.5194/acp-5-433-
2005, 2005.
Jöckel, P., Tost, H., Pozzer, A., Brühl, C., Buchholz, J., Ganzeveld,
L., Hoor, P., Kerkweg, A., Lawrence, M. G., Sander, R., Steil,
B., Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J.,
and Lelieveld, J.: The atmospheric chemistry general circulation
model ECHAM5/MESSy1: consistent simulation of ozone from
the surface to the mesosphere, Atmos. Chem. Phys., 6, 5067–
5104, https://doi.org/10.5194/acp-6-5067-2006, 2006.
Jöckel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede,
H., Baumgaertner, A., Gromov, S., and Kern, B.: Development
cycle 2 of the Modular Earth Submodel System (MESSy2),
Geosci. Model Dev., 3, 717–752, https://doi.org/10.5194/gmd-3-
717-2010, 2010.
Jöckel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmei-
jer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J.,
Frank, F., Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V.,
Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neu-
maier, M., Nützel, M., Oberländer-Hayn, S., Ruhnke, R., Runde,
T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chem-
istry integrated Modelling (ESCiMo) with the Modular Earth
Submodel System (MESSy) version 2.51, Geosci. Model Dev.,
9, 1153–1200, https://doi.org/10.5194/gmd-9-1153-2016, 2016.
Jonson, J. E., Schulz, M., Emmons, L., Flemming, J., Henze,
D., Sudo, K., Tronstad Lund, M., Lin, M., Benedictow, A.,
Koffi, B., Dentener, F., Keating, T., Kivi, R., and Davila, Y.:
The effects of intercontinental emission sources on European
air pollution levels, Atmos. Chem. Phys., 18, 13655–13672,
https://doi.org/10.5194/acp-18-13655-2018, 2018.
Karamchandani, P., Long, Y., Pirovano, G., Balzarini, A., and
Yarwood, G.: Source-sector contributions to European ozone
and fine PM in 2010 using AQMEII modeling data, Atmos.
Chem. Phys., 17, 5643–5664, https://doi.org/10.5194/acp-17-
5643-2017, 2017.
Kerkweg, A. and Jöckel, P.: The 1-way on-line coupled atmospheric
chemistry model system MECO(n) – Part 1: Description of
the limited-area atmospheric chemistry model COSMO/MESSy,
Geosci. Model Dev., 5, 87–110, https://doi.org/10.5194/gmd-5-
87-2012, 2012a.
Kerkweg, A. and Jöckel, P.: The 1-way on-line coupled atmospheric
chemistry model system MECO(n) – Part 2: On-line coupling
with the Multi-Model-Driver (MMD), Geosci. Model Dev., 5,
111–128, https://doi.org/10.5194/gmd-5-111-2012, 2012b.
Kerkweg, A., Buchholz, J., Ganzeveld, L., Pozzer, A., Tost, H., and
Jöckel, P.: Technical Note: An implementation of the dry removal
processes DRY DEPosition and SEDImentation in the Modu-
lar Earth Submodel System (MESSy), Atmos. Chem. Phys., 6,
4617–4632, https://doi.org/10.5194/acp-6-4617-2006, 2006a.
Kerkweg, A., Sander, R., Tost, H., and Jöckel, P.: Technical note:
Implementation of prescribed (OFFLEM), calculated (ONLEM),
and pseudo-emissions (TNUDGE) of chemical species in the
Modular Earth Submodel System (MESSy), Atmos. Chem.
Phys., 6, 3603–3609, https://doi.org/10.5194/acp-6-3603-2006,
2006b.
Kerkweg, A., Hofmann, C., Jöckel, P., Mertens, M., and Pante,
G.: The on-line coupled atmospheric chemistry model sys-
tem MECO(n) – Part 5: Expanding the Multi-Model-Driver
(MMD v2.0) for 2-way data exchange including data interpo-
lation via GRID (v1.0), Geosci. Model Dev., 11, 1059–1076,
https://doi.org/10.5194/gmd-11-1059-2018, 2018.
Kuik, F., Kerschbaumer, A., Lauer, A., Lupascu, A., von Schnei-
demesser, E., and Butler, T. M.: Top–down quantification of NOx
emissions from traffic in an urban area using a high-resolution
regional atmospheric chemistry model, Atmos. Chem. Phys., 18,
8203–8225, https://doi.org/10.5194/acp-18-8203-2018, 2018.
Kwok, R. H. F., Baker, K. R., Napelenok, S. L., and Tonnesen, G.
S.: Photochemical grid model implementation and application of
Atmos. Chem. Phys., 20, 7843–7873, 2020 https://doi.org/10.5194/acp-20-7843-2020
M. Mertens et al.: Attributing ozone and its precursors to land transport emissions 7871
VOC, NOx , and O3 source apportionment, Geosci. Model Dev.,
8, 99–114, https://doi.org/10.5194/gmd-8-99-2015, 2015.
Landgraf, J. and Crutzen, P. J.: An efficient method for
online calculations of photolysis and heating rates., J.
Atmos. Sci., 55, 863–878, https://doi.org/10.1175/1520-
0469(1998)055<0863:AEMFOC>2.0.CO;2, 1998.
Lelieveld, J. and Dentener, F. J.: What controls tropo-
spheric ozone?, J. Geophys. Res.-Atmos., 105, 3531–3551,
https://doi.org/10.1029/1999JD901011, 2000.
Li, Y., Lau, A. K.-H., Fung, J. C.-H., Zheng, J. Y., Zhong, L. J.,
and Louie, P. K. K.: Ozone source apportionment (OSAT) to dif-
ferentiate local regional and super-regional source contributions
in the Pearl River Delta region, China, J. Geophys. Res.-Atmos.,
117, d15305, https://doi.org/10.1029/2011JD017340, 2012.
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